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As aroma is the prime indicator of coffee quality, there is much academic 
and industrial interest to identify novel avenues along the coffee processing chain 
that could potentially modulate coffee aroma. This project evaluated the effects of 
microbial (mold/yeast) fermentation of green coffee beans on the corresponding 
roasted coffee aroma and encapsulation of coffee oil on the enrichment of instant 
coffee aroma.  
In the microbial fermentation, modification of the aroma precursors and 
volatile profiles of green coffee beans induced by the fermentative pathways that 
were unique to the mold Rhizopus oligosporus and yeast Yarrowia lipolytica 
corresponded to the modulation of the volatile/aroma profiles of coffees after 
roasting. The modification of aroma precursors in green coffee beans influenced 
coffee aroma formation during roasting while some of the fermentation-induced 
volatile profiles changes of green coffee beans were retained after roasting. The 
latter included the elevated levels of volatile phenols like p-vinylguaiacol and 4-
vinylphenol generated from hydroxycinnamic acids metabolism during both R. 
oligosporus and Y. lipolytica fermentations. Ethyl palmitate was detected 
exclusively in R. oligosporus fermented green coffee beans as well as in the 
corresponding medium and dark roasted fermented coffee beans. The higher 
levels of γ-butyrolactone detected in green coffee beans after Y. lipolytica 
fermentation could party account the higher levels detected in the corresponding 
light roasted fermented coffees. 
xiii 
 
On the other hand, proteolysis during R. oligosporus fermentation 
increased the concentrations of phenylalanine, aspartic and glutamic acids which 
corresponded to the higher levels of alkyl-substituted pyrazines (pyrazine, 2-
methylpyrazine and 2-ethylpyrazine) detected after roasting. The metabolism of 
sugars (sucrose) and amino acids by Y. lipolytica during fermentation led to the 
decrease in their respective concentrations. The former could account for the 
decrease in ketones levels detected in Y. lipolytica fermented light and medium 
roasted coffees.  
In addition, sensory analysis showed that R. oligosporus fermentation of 
green coffee beans enhanced the sweet, caramelic attributes of light roasted coffee 
and the sweet attribute of dark roasted coffee. 
The other part of the project involved encapsulating coffee oil with the 
emulsifiers, sucrose monopalmitate (P90), modified starch, Tween 80 and 
evaluating their effects on coffee aroma retention and release in oil-in-water 
emulsion matrices before, after freeze-drying and upon spiking into instant coffee. 
The extent of volatile retention in the respective emulsion matrices before and 
after freeze-drying varied with the type of emulsifiers and volatile classes. The 
higher volatile levels detected in the instant coffees spiked with the P90- and MS-
stabilized coffee emulsions compared to the blank and instant coffees spiked with 
the respective controls indicated volatile release during instant coffee 
reconstitution. Controlled aroma release could be achieved with P90- and MS-
stabilized coffee emulsions. However, the relatively higher extent of volatile 
retention observed in the Tween 80-stabilized coffee emulsion matrices before 
xiv 
 
and after freeze-drying prevented volatile release during instant coffee 
reconstitution. This was evident from the lower volatiles levels detected in the 
instant coffee spiked with the Tween 80-stabilized coffee emulsion compared to 
the blank and instant coffee spiked with the respective control.  
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CHAPTER 1  
INTRODUCTION 
1.1 Coffee 
Coffee is ranked as the second most traded global commodity after 
petroleum in financial terms. In 2012, the total value of the coffee industry was 
estimated to be worth US$173.4 billion (International Coffee Organization, 
2014a). In addition, global coffee consumption has risen at an accelerated annual 
rate of 2.4 % within 2000-2012 compared to the average annual rate of 1.9% 
recorded over 1964-2012 (International Coffee Organization, 2014a). This was 
mainly driven by the increase in coffee consumption by coffee-producing 
countries (Brazil and Indonesia) and emerging markets (South Korea and Russia).  
Roast and ground (R & G) coffees and instant coffees are the most popular 
forms of coffee available in the market. In recent years, consumption of the latter 
has grown considerably, with global exports in 2011 being valued at US$1.8 
billion, which was 3 times higher than in 2000 (US$574 million) (International 
Coffee Organization, 2013). The appeal of instant coffee stems from its versatility, 
ease of preparation and extended shelf life. 
1.2 Conventional avenues of coffee aroma modulation 
Besides the stimulating effect of caffeine, the global demand for coffee 
was mainly driven by its desirable and alluring aroma. This fuels the shift in the 
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focus of coffee research from coffee aroma characterization to the exploration of 
potential avenues for coffee aroma modulation.  
Coffee aroma formation occurs predominately during roasting via a 
complex series of Maillard reactions, caramelization and other thermal reactions 
involving aroma precursors that are present in green coffee beans. Therefore, 
roasting is an avenue that has a significant effect on coffee aroma and 
unsurprisingly has been the main target for research into coffee aroma modulation 
over the past century. The focus of most studies within this area falls into two 
major categories: outlining of the roles in which aroma precursors in green coffee 
contribute towards coffee aroma formation (Poisson, Schmalzried, Davidek, 
Blank, & Kerler, 2009; Sunarharum, Williams, & Smyth, 2014; Yeretzian, Jordan, 
Badoud, & Lindinger, 2002) and the characterization of the effects of technical 
factors such as roasting temperature and time on the corresponding aroma profile 
(Baggenstoss, Poisson, Kaegi, Perren, & Escher, 2008; Petisca, Pérez-Palacios, 
Farah, Pinho, & Ferreira, 2013). 
Besides roasting, brewing is another avenue at the consumer end that has a 
significant effect on coffee aroma. Consequently, there have been a reasonable 
number of studies directed at evaluating the effects of brewing methods and 
parameters on coffee aroma (Gloess et al., 2013; Lopez-Galilea, Fournier, CID, & 
Guichard, 2006). Therefore, judging from the focus of the current available 
literature, research into the modulation of coffee aroma at the roasted coffee end 
is fairly saturated.  
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1.3 Potential avenues of coffee aroma modulation  
However, coffee aroma has been found to be affected by numerous 
factors/processes from farm to cup (Sunarharum et al., 2014). Therefore, in view 
of the rising demand for flavor diversification in food products as well as niche 
and specialty coffees, other novel avenues of coffee aroma modulation should be 
explored with processes/techniques that have been extensively used in other food 
matrices.  
Post-harvest coffee processing is another avenue which has 
notable/considerable effects on coffee aroma but is still inadequately explored 
(Bhumiratana, Adhikari, & Chambers, 2011). The variation in the sensory profiles 
of differentially-processed coffees (Duarte, Pereira, & Farah, 2010; Leloup, 
Gancel, Liardon, Rytz, & Pithon, 2004) was likely attributed to the fermentation 
process intended for mucilage removal during post-harvest processing. 
Furthermore, there was evidence showing that the application of optimized 
parameters and appropriate starter cultures for fermentation could impart 
desirable attributes to the corresponding coffee aroma while uncontrolled 
fermentation inevitably led to off-flavors (Gonzalez-Rios et al., 2007a; Jackels, 
Jackels, Vallejos, Kleven, Rivas, & Fraser-Dauphinee, 2006; Jackels & Jackels, 
2005b). Therefore, the relationship between fermentation and the corresponding 
coffee aroma profile can be described as being intricate and delicate.  
Consequently, this suggests the feasibility of applying controlled 
fermentation with suitable mold and yeast species to other coffee substrates like 
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commercial green coffee beans for coffee aroma modulation. It represents a novel 
method of processing in which the composition of aroma precursors in green 
coffee beans is targeted and modified to bring about modulation of the 
corresponding coffee aroma profile as a result of changes in the extent of complex 
interactions of aroma precursors during roasting. The extracellular enzymes 
secreted by the mold and yeast species could promote the hydrolysis of 
macromolecules (carbohydrates, proteins and polyphenols) into important aroma 
precursors such as reducing sugars, amino and chlorogenic acids. Secondary 
metabolites, produced during the course of fermentation, could also directly or 
indirectly influence coffee aroma. Such an approach is unprecedented as current 
studies merely utilized fermentation to alter the composition of preformed coffee 
aroma extracts to induce desirable traits or target highly perishable substrates like 
coffee cherries which are more complicated to work with.  
 On the other hand, it is widely acknowledged that the aroma profile of 
instant coffee significantly differs from that of freshly brewed coffee (Sanz, 
Czerny, CID, & Schieberle, 2002). Therefore, numerous methods and studies 
utilizing different flavor matrices and delivery methods for the enrichment of 
instant coffee aroma have been patented and published over the past century 
(Zeller, Gaonkar, Ceriali, & Wragg, 2014).  
In recent years, there is a growing interest in utilizing emulsion systems 
for aroma encapsulation and controlled aroma release to reduce aroma loss during 
production, post-production and to deliver aroma at the desired time and venue 
(Matsumiya, Sasaki, Murakami, & Matsumura, 2015). Previous patents have 
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found that the use of emulsion preconcentrate matrices containing coffee 
oil/aromatized coffee oil and emulsifiers such as hydrolyzed coffee oil and 
sucrose fatty acid esters in instant coffee production provided effective 
entrapment of coffee aroma and delivered an aroma burst only after reconstitution 
(Butterbaugh & Sargent, 2002; Chmiel, Traitler, Watzke, & Westfall, 1996). 
However, qualitative and quantitative data on the retention and release of coffee 
aroma during production and after reconstitution respectively are not available in 
the public domain.  
In addition, studies evaluating the effects of commonly used emulsifiers 
(Tween 80 and modified starch) on aroma release and retention (Cheong et al., 
2014; Li et al., 2016) have been very much limited to model emulsion systems 
consisting of only a small number of volatile compounds. Such systems do not 
represent the complex volatile profiles that some food matrices like coffee possess. 
More importantly, the effects of emulsifiers and emulsion systems on aroma 
release are not evaluated in the state at which they are present within the targeted 
food matrix (e.g. emulsions are diluted several hundred folds in beverages). Thus, 
the extension of these studies to complex food matrices as well as other 
emulsifiers which are increasingly being utilized by the food and beverage 
industries (e.g. sucrose monopalmitate) is essential for practical considerations.  
1.4 Project objectives  
The overall aim of this project was to explore other novel avenues of 
coffee aroma modulation, namely the post-harvest end (green coffee bean 
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fermentation) and the use of aroma encapsulation methods to enrich instant coffee 
aroma. Such an aim was to be achieved via the specific objectives laid out below.  
Specific objectives  
1. To evaluate the effects of solid-state fermentation of green coffee beans with a 
mold, Rhizopus oligosporus on the volatile and non-volatile profiles of green 
coffee beans. (Chapter 3) 
 
2. To evaluate the effects of solid-state fermentation of green coffee beans with 
R. oligosporus on the volatile, aroma profiles of roasted coffees subjected to 
three different roast degrees, i.e., light, medium and dark and to account for 
the former by characterizing the non-volatile profiles of coffee, with the roast 
degree at which the effects of R. oligosporus fermentation was most 
distinctive. (Chapter 4) 
 
3. To evaluate the effects of solid-state fermentation of green coffee beans with a 
yeast, Yarrowia lipolytica on the volatile and non-volatile profiles of green 
coffee beans. (Chapter 5) 





4. To evaluate the effects of solid-state fermentation of green coffee beans with 
Y. lipolytica on the volatile profiles of roasted coffees subjected to three 
different roast degrees, i.e., light, medium and dark and to account for volatile 
profile changes by characterizing the non-volatile profiles of coffee, with the 
roast degree at which the effects of Y. lipolytica fermentation was most 
distinctive. (Chapter 6) 
[Completed in conjunction with Mr Tay Geng Yu, FST Honours project year 
2014/2015] 
 
5. To evaluate the effects of sucrose monopalmitate, Tween 80 and modified 
starch on coffee aroma retention and release in oil-in-water (O/W) coffee 
emulsions matrices (coffee oil as the flavor matrix) before, after freeze-drying 
and upon spiking into instant coffee mix, with the aim of enriching instant 
coffee aroma. (Chapter 7) 





CHAPTER 2  
LITERATURE REVIEW 
2.1 Formation of coffee aroma 
Aroma is a key attribute that defines the quality as well as the level of 
consumer acceptance for coffee products (De Maria, Trugo, Aquino Neto, 
Moreira, & Alviano, 1996). The formation of the desirable aroma of coffee is 
attributed to Maillard reactions, along with other thermally catalyzed reactions 
that occur during roasting at temperatures usually beyond 200 °C. Consequently, 
hundreds of thermally-derived volatile compounds have been identified in coffee 
aroma via various forms of head-space sampling methods such as static headspace 
extraction (Maeztu, Sanz, Andueza, Paz De Pena, Bello, & Cid, 2001), 
headspace-solid phase microextraction (HS-SPME) (Cheong, Tong, Ong, Liu, 
Curran, & Yu, 2013; Petisca et al., 2013), needle trap device (NTD) (Eom & Jung, 
2013), headspace sorptive extraction (HSSE) and stir bar sorptive extraction 
(SBSE) (Bicchi, Iori, Rubiolo, & Sandra, 2002) that are usually coupled to gas 
chromatography-mass spectrometry/flame ionization detector (GC-MS/FID) for 
analysis. The SPME method is commonly used as it provides a simple, solvent-
less, robust and generally reproducible form of analysis of coffee aroma. 
Furthermore, SPME fibers of different sorbent types are commercially available. 
However, only a fraction of the odorants detected from coffee aroma was 
determined to be character-impact odorants with flavor dilution (FD) values in the 
range of 16 - 2048. A list of these compounds is provided in Table 2.1 which 
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consists of furanones, pyrazines, thiols, phenolic and volatile sulfur compounds 
that are responsible for the caramelic, earthy, roasty, meaty, smoky, spicy, buttery, 




Table 2.1. A list of the potent odorants detected in roasted coffee and their respective concentrations 




 Concentrations in 
coffee grounds in ppb 
Sensory descriptors 
Coffee grounds Coffee brew 
Acids     
2-methyl-1-butanoic acid
a 








Furanones     
4-hydroxy-2,5-dimethyl-3(2H)-furanone
a,b





































64 128 - Caramel-like
a 
Norisoprenoids     
(E)-β-damascenonea,b,c 2048 64 222-260b,c,e Honey-likea, fruityd 
Phenolic compounds     
Guaiacol
a,b



















































Sulfur compounds     
Methional
a,b,c






 32 128 - Meat-like
f 
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Table 2.1. (Continued) 




 Concentrations in 
coffee grounds in ppb 
Sensory descriptors 
Coffee grounds Coffee brew 
Thiols     
2-furfurylthiol
a,b














Potent odorants of roasted coffee and their respective FD values and concentrations were identified and collated from the following references 
a
(Blank, Sen & Grosch, 1992); 
b
(Czerny, Mayer, & Grosch, 1999); 
c
(Czerny & Grosch, 2000); 
d
(Lopez-Galilea et al., 2006); 
e
(Mayer, Czerny, & 
Grosch, 2000); 
f
(Mayer & Grosch, 2001); 
g
(Cheong et al., 2013). 
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2.1.1 Thermal degradation of aroma precursors 
Sugars, proteins, amino acids and phenolic compounds are important 
aroma precursors present in green coffee beans which play an essential role in 
coffee aroma formation. During roasting, thermal degradation of polysaccharides 
and simple sugars are responsible for the formation of caramelization products. 
Similarly, chlorogenic acids together with other non-volatile phenolic derivatives 
such as 5-feruloylquinic acid are also readily hydrolyzed, yielding 
hydroxycinnamic acid derivatives. In addition, real-time mass spectrometry 
monitoring techniques also revealed that hydroxycinnamic acids such as ferulic 
acid undergo further decarboxylation and other chemical reactions, resulting in 
the formation of potent volatile phenolic compounds such as guaiacol, p-
vinylguaiacol and phenols (Dorfner, Ferge, Kettrup, Zimmermann, & Yeretzian, 
2003).  
Trigonelline is an alkaloid present in green coffee beans that is also 
extensively degraded, yielding important coffee odorants such as pyridines and 
pyrroles. The effects of pyrolysis of aroma precursors were highlighted in the 
study conducted by De Maria et al. (1996), where pyrolysis of hydroxy-amino 
acids such as threonine and serine occurring during roasting was another pathway 
responsible for the generation of alkylpyrazines derivatives and pyrroles. 
Significant pyridine formation was attributed to trigonelline degradation.     
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2.1.2 Maillard reactions 
Maillard reactions is the main avenue for coffee aroma formation as it is 
responsible for the generation of various classes of coffee aroma-impact 
compounds such pyrazines, pyrroles, thiols, furanones, pyridines, and thiophenes. 
Therefore, given the primary role that it plays in the development of coffee aroma, 
much research emphasis has been placed on studying the mechanisms behind the 
formation of Maillard-derived aroma compounds. It was established in various 
studies elaborated as follows that the amino acids and reducing sugars generated 
from the extensive hydrolysis of proteins and sucrose during roasting are key 
flavor precursors that participate in Maillard reactions.  
In a study conducted by Wong, Abdul Aziz, and Mohamed (2008), the 
Maillard reactions of a particular mixture of amino acids with glucose conducted 
in model systems yielded a sensory profile containing odor attributes that were 
characteristic of the amino acids present within the system. This could be 
explained by studies showing that the formation of specific potent odorants was 
very much correlated with the amino acid composition present within the system 
(Amrani-Hemaimi, Cerny, & Fay, 1995; Low, Parker, & Mottram, 2007; Poisson 
et al., 2009). A higher glycine and alanine content in model systems containing 
reducing sugars corresponded to an increase in alkylpyrazines formation.  
Furthermore, the application of 
13
C isotope labelling showed that amino 
acids, not only functioned as a nitrogen source, but also contributed carbon 
skeletons to the formation of alkyl-substituents on alkylpyrazines. Given that the 
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formation of alkylpyrazines from different amino acids occurs via different 
mechanisms, the amino acid profile of green beans would have a significant effect 
on the alkylpyrazines formation. The involvement of amino acids as flavor 
precursors in Maillard reactions for coffee aroma formation was reiterated by 
another study by Montavon, Mauron, and Duruz (2003). Changes to the green 
coffee protein profile were observed using two-dimensional polyacrylamide gel 
electrophoresis and were attributed to the complete and consistent fragmentations 
of protein during roasting to form amino acid precursors. 
Reducing sugars also play a significant role in Maillard reactions. In the 
study conducted by De Maria et al. (1996), ethanol-soluble and -insoluble 
fractions of green coffee beans were isolated and the constituents present within 
the individual fractions were evaluated for the roles they played in coffee aroma 
formation. In the ethanol-soluble fraction, complete sucrose degradation 
corresponding to significant formation of furans following roasting highlighted 
the role of sucrose hydrolytic products in Maillard reactions. The absence of 
sucrose in the ethanol-insoluble fraction expectedly yielded significantly lower 
concentrations of furans, possibly generated from other pyrolytic pathways. 
Reducing sugars also play a significant role in furanones generation, as the 
formation of 4-hydroxy-2,5-dimethyl-3[2H]-furanone was not observed in 
systems where sugars were absent (Poisson et al., 2009). Furthermore, different 
reducing sugars were found to exhibit different reactivity rates in Maillard 
reactions, with fructose being shown to be a more efficient precursor compared to 




C6-Glucose) showed that 
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there was complete and efficient conversion of fructose into 4-hydroxy-2,5-
dimethyl-3[2H]-furanone when subjected to coffee roasting conditions as opposed 
to glucose (Poisson et al., 2009).  
Therefore, the above studies extensively highlighted the importance of the 
roles in which proteins, carbohydrates and their respective hydrolytic products 
play as key flavor precursors in the formation of potent odorants of coffee aroma 
from Maillard reactions.   
2.1.3 Relationship between the non-volatile profiles of green coffee and the 
aroma profiles of roasted coffee 
Consequently, it can be deduced that the volatile profiles and subsequently, 
the aroma profiles and cupping qualities of roasted coffee are very much 
dependent on the composition of aroma precursors present in green coffee beans 
prior to roasting. Such a notion was substantiated by studies which showed that 
differences in the concentrations of aroma precursors such as proteins, 
carbohydrates and chlorogenic acids in green coffee beans of the same cultivar 
corresponded to different cupping qualities after roasting (Franca, Mendonça, & 
Oliveira, 2005; Franca, Oliveira, Mendonça, & Silva, 2005). In a study by Farah, 
Monteiro, Calado, Franca, and Trugo (2006), the cupping quality was found to be 
positively correlated with the levels of aroma precursors like trigonelline and 3,4-
dicaffeoylquinic acid but negatively correlated with the concentrations of mono-
esters of phenolic constituents like 3-caffeoylquinic acid present in green coffee 
beans prior to roasting.  
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Therefore, since aroma precursors in green coffee beans play an essential 
role in the formation of volatile compounds associated with coffee aroma during 
roasting (sections 2.1.1 and 2.1.2), differences in the concentrations of aroma 
precursors will indirectly correspond to differences in the volatile and aroma 
profiles of roasted coffee. This inter-dependent relationship between the non-
volatile constituents of green coffee beans and the corresponding aroma profile of 
roasted coffee fuels the notion that changes to the non-volatile composition in 
green coffee beans brought about by processes along the processing chain such as 
fermentation could have an eventual effect on coffee flavor.  
2.2 Post-harvest coffee processing 
The post-harvest treatment of coffee cherries is a notable avenue which 
confers significant but variable effects on volatile and aroma profiles of roasted 
coffee. Coffee is prepared from the pair of seeds located centrally within the 
coffee cherry after the exocarp, mesocarp and the mucilage layer which is a 
colorless and viscous pectin layer located beneath the mesocarp are removed 
during processing. Depending on the area of production and species, coffee 
cherries are processed via one of the two methods mentioned by Schwan and 
Wheals (2003). In regions like Colombia, Central America and Hawaii, Arabica 
coffees are processed via the wet method where red mature coffee cherries of 
consistent maturity are hand-picked and mechanically depulped to remove the 
exocarp and mesocarp. Subsequently, the thin mucilaginous layer surrounding the 
coffee seeds are removed via a fermentation process of approximately 24 – 48 h. 
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Finally, the processed coffee beans are then mechanically- or sun-dried to a 
moisture content of 11-12% so as to achieve microbial stability.  
On the other hand, the dry method, also known as natural processing, is 
commonly employed for Robusta coffees, as well as in countries like Brazil and 
Ethiopia which expect extended periods of sunshine. For the dry method, coffee 
cherries are either hand-picked or machine-harvested when most of them have 
matured. Consequently, the levels of maturity are not consistent among the 
harvested coffee cherries. Following harvesting, coffee cherries are then left to 
dry under the sun in layers of approximately 10 cm for 10 – 25 days, where they 
are constantly heaped and re-spread. During the process, natural microbial 
fermentation and enzymatic actions lead to the breakdown of the pulp and 
mucilage with the coffee cherry intact. At the end of the drying process, the dried 
exocarp is removed, yielding coffee beans of 10-11 % moisture content (Schwan 
& Wheals, 2003).  
Based on the statistics obtained from major coffee-exporting countries, 
only 9% of the coffees produced in the calendar year of 2013/2014 were 
processed via the wet method (International Coffee Organization, 2014b). 
Nevertheless, with proper control over the process parameters, the wet method 
generates fewer defective beans and is capable of preserving the intrinsic qualities 
of the coffee beans, thereby producing coffees of superior aroma qualities 
compared to the dry method. 
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2.2.1 Effects of processing methods on coffee aroma 
The effects of processing methods on coffee aroma are evident as quality 
differences have been observed in identical coffee samples processed via the two 
processing methods in parallel (Selmar, Bytof, & Knopp, 2002). The chemical 
analysis of differentially processed green coffee beans showed that free low 
molecular weight sugars such as fructose, glucose, arabinose and galactose were 
present at significantly lower levels in wet-processed coffees compared to dry-
processed coffees while the former contained significantly higher levels of 
glutamic and aspartic acids (Bytof, Knopp, Schieberle, Teutsch, & Selmar, 2005; 
Knopp, Bytof, & Selmar, 2005). The effects of post-harvest treatments on the 
concentrations of aroma precursors such as 3-caffeoylquinic acid (3-CQA), 
sucrose, free amino acids present in different Arabica coffee cultivars are 




Table 2.2. Effects of post-harvest treatments on the composition of aroma precursors in 














Sugars      
Sucrose Yellow Bourbon
A
 - 10.05 ± 0.01 10.88 ± 0.04 
 Red Catuaí
A
 - 11.68 ± 0.01 9.85 ± 0.03 
 Rubi
A
 - 11.98 ± 0.02 9.16 ± 0.05 
 Topázio
A





 0.94 ± 0.03
a




Total sugars Yellow Catuaí
B
 7.98 ± 0.24
a
 7.54 ± 0.19
a









  - 1.13 ± 0.02 1.05 ± 0.02 
 Red Catuaí
A
 - 1.13 ± 0.02 1.26 ± 0.02 
 Rubi
A
 - 1.21 ± 0.01 1.19 ± 0.02 
 Topázio
A
 - 1.43 ± 0.01 1.16 ± 0.01 
Trigonelline Yellow Bourbon
A
  - 0.09 ± 0.01 0.89 ± 0.01 
 Red Catuaí
A
 - 0.78 ± 0.04 0.92 ± 0.01 
 Rubi
A
 - 0.74 ± 0.01 0.80 ± 0.01 
 Topázio
A
 - 0.92 ± 0.01 0.85 ± 0.02 
 Yellow Catuaí
B
 1.17 ± 0.04
a
 1.13 ± 0.05
a




amino acids  
Yellow Catuaí
B
 1.15 ± 0.07
a
 0.76 ± 0.02
b
 0.67 ± 0.02
c
 
Total protein Yellow Catuaí
B
 10.60 ± 0.36
a
 11.70 ± 0.50
b





    
3-CQA Yellow Bourbon
A
 - 0.40 ± 0.04 0.50 ± 0.02 
 Red Catuaí
A
 - 0.44 ± 0.04 0.53 ± 0.02 
 Rubi
A
 - 0.45 ± 0.02 0.42 ± 0.02 
 Topázio
A
 - 0.54 ± 0.02 0.38 ± 0.01 
 Yellow Catuaí
B
 0.42 ± 0.03
a
 0.41 ± 0.01
a







 3.49 ± 0.05
a
 3.64 ± 0.06
b
 3.81 ± 0.08
c
 
The concentrations of the respective aroma precursors present in different Arabica 
coffee cultivars subjected to different forms of post-harvest treatments were collated 
from the following literature
 A
(Duarte et al., 2010); 
B
(Arruda, Hovell, Rezende, Freitas, 
Couri, & Bizzo, 2012). Values with different lower case letters (a-c) in the same row 






It was observed that different types of coffee processing methods led to 
significant differences in the concentrations of free amino acids, reducing sugars 
and phenolic compounds present in green coffee beans of the same varietal 
(Arruda et al., 2012). Furthermore, analysis of the polysaccharide fractions 
isolated from differentially processed green coffee beans revealed differences in 
the monosaccharide contents (rhamnose, arabinose, galactose and mannose). This 
was attributed to the different extents of influence to which different processing 
methods have on the structural aspects of polysaccharides and the degradation of 
galactomannans that were present in green coffee beans (Tarzia, dos Santos 
Scholz, & de Oliveira Petkowicz, 2010). These are important coffee aroma 
precursors and differences in the concentrations of these compounds would 
therefore be responsible for the aroma quality differences that were observed. 
While differences in the chemical compositions of wet- and dry-processed green 
coffee beans have been documented in detail, the extent to which these changes to 
the non-volatile profiles translated into aroma profile differences between 
differentially-processed coffees and the processes that were responsible for these 
changes are less understood.  
The changes in the chemical composition of green coffee beans would 
likely be brought about by metabolic activities that occurred during the course of 
coffee processing. Based on expression studies of germination-specific isocitrate 
lyase (ICL) and the analysis of β-tubulin, a key marker of cell division, it was 
established that germination was one of the metabolic processes that were 
responsible for these compositional differences (Selmar, Bytof, Knopp, & 
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Breitenstein, 2006). This was supported by evidence showing the increase in the 
concentrations of free amino acids and γ-aminobutyric acid in processed green 
coffee since storage proteins were hydrolyzed to generate raw materials for the 
germination process (Bytof et al., 2005). The lower concentrations of 
galactomannans in processed green coffee beans were attributed to hydrolysis 
brought about by endo-β-mannanases, β-mannosidases and galactosidase (Tarzia 
et al., 2010). Furthermore, the decrease in the concentrations of simple sugars 
such as glucose and fructose (Joët et al., 2010; Knopp et al., 2005) could be 
attributed to sugar metabolism and inter-conversion expected during seed-
germination process.  
However, the extent of the metabolic activities that take place during the 
germination process was very much dependent on the coffee processing method 
and was determined using germination markers like ICL and β-tubulin (Selmar et 
al., 2006). The expression of ICL and β-tubulin peaked during the fermentation 
process in wet-processing and decreased during the drying stage. On the other 
hand, for dry-processing, the expression of ICL and β-tubulin remained low 
during the initial stages of processing and increased only 6 days following the 
onset of processing. Consequently, it was further established that the aroma 
quality differences between wet- and dry-processed coffees were attributed to the 
metabolic processes that were specific to each type of post-harvest treatment 
(Selmar et al., 2006). The superior aroma qualities of wet-processed coffees could 
thus be due to the physiological processes promoted by the high ICL expression 
22 
 
during the fermentation process and this highlighted the importance of 
fermentation.  
Another study by Gonzalez-Rios et al. (2007b) showed that the 
fermentation process in wet-processing was responsible for the comparatively 
superior aroma qualities of wet-processed coffees. The effects of different 
combinations of pulping and mucilage removal methods on coffee aroma profiles 
were studied. The post-harvest treatment consisting of pulping with a disc pulper 
followed by fermentation in water to facilitate mucilage removal produced coffees 
with desirable traits such as fruity, flora and caramelic attributes. However, when 
dry fermentation was used for mucilage removal instead, coffees were 
characterized with buttery and nutty attributes and did not possess the above-
mentioned desirable traits. When a mechanical mucilage remover was used 
instead of fermentation (resembling semi dry-processing), coffees produced were 
then characterized with unpleasant attributes like sour, toasted and bitter almond 
notes. Coffees that were produced from treatments where only the method of 
pulping was varied gave relatively similar olfactory profile. Such a study showed 
that the fermentation process during processing has significant effects on the 
corresponding coffee aroma.  
It was also illustrated that the superior aroma characteristics of wet-
processed coffees could be attributed to the production of microbial metabolites, 
which were aroma precursors of roasted coffee, during fermentation (Mussatto, 
Machado, Martins, & Teixeira, 2011).   
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2.3 Fermentation in coffee processing  
However, the effects of fermentation on coffee aroma profiles are often 
neglected as its main role in coffee processing is to facilitate the removal of the 
mucilage layer. The mucilaginous layer of the depulped coffee beans comprises of 
84.2% water, 8.9% protein, 4.1% sugar, 0.91% pectic substances and 0.7% ash 
(Belitz, Grosch, & Schieberle, 2009). Further analysis of its polysaccharide 
composition revealed that the alcohol-insoluble component constituted 30% 
pectins, 8% cellulose, and 18% neutral non-cellulosic polysaccharides which 
consist of monosaccharides such as arabinose, xylose and galactose and other 
simple sugars (Avallone, Guiraud, Guyot, Olguin, & Brillouet, 2006) regardless 
of the way in which the mucilage layer was removed. Pectins consisted of 
predominantly galacturonic acids with high extent of methylation and moderate 
levels of acetylation. After the coffee cherries are mechanically depulped, these 
compounds are degraded and metabolized to a certain extent during the 
fermentation process in wet-processing. It was hypothesized that such metabolism 
during fermentation could result in the generation of an osmotic gradient 
originating from the exterior into the interior of the mucilage layer which 
disrupted its attachment to the coffee parchment (Avallone, Guyot, Michaux-
Ferriere, Guiraud, Olguin Palacios, & Brillouet, 1999). Subsequently, the 
remaining coffee parchment is dried and hulled.  
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2.3.1 Microbiology of coffee fermentation     
Since the mid-1900s, numerous species of microorganisms have been 
isolated from the fermentation phase of wet-processing (Agate & Bhat, 1966; 
Avallone, Guyot, Brillouet, Olguin, & Guiraud, 2001; de Melo Pereira et al., 2014; 
Masoud, Cesar, Jespersen, & Jakobsen, 2004; Masoud & Kaltoft, 2006; Pederson 
& Breed, 1946; Van Pee & Castelein, 1972). Aerobic bacteria such as Klebsiella 
ozaenae, K. oxytoca, Erwinia herbicola, E. dissolvens, Hafnia spp., Enterobacter 
aerogenes and lactic acid bacteria such as Leuconostoc mesenteroides, 
Lactobacillus brevis are the bacterial species that were isolated from the 
fermentation process. Yeast species such as Koleckera apis apicuata, Candida 
guilliermondii, C. tropicalis, C. parapsilosis, Cryptococcus albidus, C. laurentii, 
Pichia kluyveri, P. anomala, Hanseniaspora uvarum, Saccharomyces cerevisiae, 
Debaryomyces hansenii, Torulaspora delbrueckii and Rhodotorula mucilaginosa 
have also been identified.  
Furthermore, the isolation of pectinolytic microflora from the coffee 
fermentation process would suggest that their role in mucilage degradation. 
However, it is still not well understood if pectinolytic bacteria or yeasts are 
responsible for the degradation process. In most of the studies, the pectinolytic 
microflora that were identified include bacterial species such as Klebsiella spp., 
Erwinia spp., Aerobacter spp., Escherichia spp., Bacillus spp. and yeast species 
such as S. marxianus, S. banyanus, S. cerevisiae and Schizosaccharomyces spp. 
The absence of pectinolytic yeasts in one study conducted by Avallone et al. 
(2001) could be due to the use of a selective pectin media for identification. Some 
25 
 
of the pectinolytic yeast species involved in coffee fermentation like 
Kluyveromyces marxianus and S. cerevisiae are not capable of utilizing pectin as 
the sole carbon source. As the fermentation phase proceeded, the yeast and 
bacterial population grew while the pectinolytic microflora population remained 
constant. However, as pH decreased in the later stages of fermentation, the yeast 
population would be the dominant microflora given its high acid tolerance 
(Avallone et al., 2001).  
2.3.2 Issues with coffee fermentation during wet-processing  
The main issue revolving around fermentation in wet-processing, which 
most studies agree upon, is the lack of controllability of the process. Even though 
the role in which fermentation in wet-processing play in improving coffee aroma 
quality may be contentious, there is no doubt that a poor control of the 
fermentation process would have a negative impact on coffee aroma. Over-
fermentation is one of the most cited problems among coffee producers (Jackels 
& Jackels, 2005a; Jackels & Jackels, 2005b; Lopez, Bautista, Moreno, & Dentan, 
1989; Puerta-Quintero, 2001).  
Commonly, the end-point of the fermentation process is judged based on 
observations which are very subjective. Jackels and Jackels (2005a) pointed out 
that an object was used to generate a gap within the fermentation mass and the 
fermentation process was deemed to be completed if the gap was maintained due 
to friction between the coffee beans. In the event where the fermentation end-
point is misjudged, under- or over-fermentation of the coffee parchment arises. 
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Under-fermentation refers to the state at which there is no complete degradation 
of the mucilage layer which could subsequently promote the growth of 
undesirable microorganisms. 
 On the other hand, over-fermentation results in the production of black or 
“stinker” beans with poor visual and aroma characteristics. These beans are 
commonly associated with fruity, flora, sour and alcoholic attributes (Jackels & 
Jackels, 2005a). Therefore, this shows that there is only a fine margin between the 
fermentation process and the quality of coffee aroma. Consequently, time and 
temperature were pointed out in the Food and Agriculture Organization (2006) 
report to be crucial parameters of the fermentation process in wet-processing.  
In addition, the reliance on the indigenous microflora that are present 
within the coffee cherries for fermentation during wet-processing contributes to 
its lack of controllability. Studies have shown that the microflora population 
present within the coffee parchment is dense and diverse, with numerous 
populations of yeasts, bacteria and filamentous fungi. More importantly, the 
microflora population was found to be dependent on the processing method 
involved and the processes involved in processing (Silva, Batista, & Schwan, 
2008; Silva, Schwan, Sousa Dias, & Wheals, 2000). Consequently, this 
contributes to the inconsistency in the progress of the fermentation process and 
the aroma qualities of the processed coffees.  
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2.3.3 Optimization of coffee fermentation  
In view of the issues surrounding coffee fermentation and its significant 
impact on coffee aroma quality, there have been optimization studies conducted to 
gain controllability and consistency over the process from two main areas. These 
areas include the development of a methodology for the accurate determination of 
the end-point of fermentation and the use of a relevant starter culture for the 
fermentation process.   
In a field study conducted in Nicaragua, it was established that chemical 
measurement of pH was a potentially reliable parameter to gauge the progress and 
end-point of fermentation (Jackels & Jackels, 2005b). The progress and end-point 
of fermentation was characterized by a decrease in pH of the fermentation mass 
from around 5.5 to 4 and this was consistent with numerous replicates of different 
batch sizes as well as in other studies (Rothfos, 1985; Velmourougane, 2012). 
Subsequently, in a separate study, the effects of the end-point pH on the quality of 
coffee aroma were further evaluated by halting fermentation batches at different 
pHs of 4.6, 4.3 and 3.9 (Jackels et al., 2006). Based on the cupping results of the 
respective batches of roasted coffee beans, it was concluded that a lower end-
point pH corresponded to a decrease in cupping quality and this was attributed to 
over-fermentation.  
Therefore, based on these studies, pH measurement is a possible reliable 
tool for coffee producers to gain greater consistency and controllability over the 
coffee fermentation process, thus preventing under- or over-fermentation which 
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has negative impact on the quality of coffee aroma. It was shown that, when there 
is proper control of fermentation parameters such as the temperature range and 
humidity levels of the fermentation environment and accurate determination of 
the end-point pH, the fermentation process in wet-processing can impart desirable 
coffee aroma qualities (Lin, 2010; Velmourougane, 2012). 
Besides pH measurements, starter cultures as well as pectinolytic enzyme 
treatment could be employed to gain greater consistency in the fermentation 
process. Studies have been conducted to investigate the effects of incorporating 
enzymatic treatments and selected microbial starter cultures in coffee 
demucilization on the subsequent coffee aroma quality.  
The co-inoculation of cellulase and Aspergillus niger significantly reduced 
the time required for mucilage degradation (30 minutes) compared to the other 
combinations which consisted of cellulase with microbial species such as R. 
oryzae, Ln. mensenteroides and K. lactis (24 hours) (Lin, 2010). Furthermore, a 
higher concentration of reducing sugars was obtained following fermentation, 
presumably from the degradation of the mucilage layer, and this had a positive 
impact on coffee aroma since sugars are important aroma precursors for 
caramelization and Maillard reactions during roasting. Green coffee beans with 
higher reducing sugar content following fermentation were found to exhibit 
greater extent of caramelic, rich and sweet attributes.  
In another study, the employment of pectinolytic enzyme treatment for 
coffee demucilization was found to generate slight sweet and acidic attributes 
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coupled with a good body as opposed to the slight bitter, medicinal and woody 
attributes detected with natural fermentation, and slight bitter and harsh attributes 
obtained when mucilage layer was removed via mechanical means 
(Velmourougane, 2011). 
Recently, there are two studies in which indigenous and non-indigenous 
bacterial and yeast species showing pectinolytic activity were screened for their 
suitability to act as starter cultures for the fermentation process in coffee 
processing (de Melo Pereira et al., 2014; Silva, Vilela, de Souza Cordeiro, Duarte, 
Dias, & Schwan, 2013). The microorganisms were screened based on the 
polygalacturonase, pectin lyase and pectin methylesterase activities they exhibited. 
Generally, potential starter cultures that were identified include yeast 
species such as Saccharomyces spp., Pichia spp. and Candida spp. which showed 
higher pectinolytic enzyme activity for efficient mucilage degradation during 
fermentation. Subsequently, the selected starter cultures were evaluated for their 
ability to enhance the quality of coffee fermentation in wet, dry and semi-dry 
processing and produced coffees with distinctive flavor (de Melo Pereira et al., 
2014; Evangelista, da Cruz Pedrozo Miguel, de Souza Cordeiro, Silva, Marques 
Pinheiro, & Schwan, 2014; Evangelista, Silva, et al., 2014). It was found that the 
employment of a selected culture for fermentation during coffee processing 
enhanced the quality of coffee aroma compared to coffees produced from 
fermentation involving indigenous microflora. The former possessed volatile 
compounds such as acetaldehyde, ethanol, ethyl acetate, isoamyl acetate and 
desirable traits such as caramel, fruity, buttery attributes that were characteristic 
30 
 
of individual yeast starter cultures with the inherent characteristics of the coffees 
remaining unaffected. These results show that the employment of controlled 
fermentation through the use of pure starter cultures for the fermentation process 
in coffee processing promote consistency and controllability over the 
fermentation process.  
2.4 Novel means of coffee aroma modulation via fermentation 
Several different novel methods of coffee aroma modulation involving 
fermentation have been reported in the literature and are summarized in Fig. 2.1.  
Digestive bioprocessing is another method of processing that is gaining 
prevalence and is responsible for the production of Kopi Luwak, one of the most 
expensive coffees in the world. Kopi Luwak originates from the Indonesian 
islands of Java, Sumatra and Sulawesi and commands a hefty price of U.S $500 
per pound as a result of its unique method of production and limited supply 
(Marcone, 2004). It is brewed from coffee beans that have been subjected to a 
combination of acidic, enzymatic and fermentation treatment as they transverse 





Fig. 2.1. Avenues from post-harvest to cup in which fermentation leads to or could potentially bring about coffee aroma modulation. 
Processes that have been reported in the literature are represented in solid lines while dashed lines represent potential avenues that 
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Analysis by Marcone (2004) found evidence of protein hydrolysis which 
was attributed to the permeation of digestive enzymes and gastric juices through 
the endocarp of coffee cherries and bean surface as they transverse through the 
gastrointestinal tract of the animal. Changes to the amino acids composition 
would in turn have a significant impact on coffee aroma as amino acids are 
important aroma precursors in roasting. Protein hydrolysis would also account for 
the decrease in bitterness in the final brew while cupping results also revealed that 
Kopi Luwak was associated with lower body and acidity. Marcone (2004) also 
floated the idea that the characteristic flavor of Kopi Luwak could be attributed to 
a unique form of wet-processing given the similarity in acidification and 
fermentation processes taking place in digestive bioprocessing in civet cat and 
traditional wet-processing.  
Another product of digestive bioprocessing is black ivory coffee which 
was introduced recently. It is the most expensive coffee in the world (U.S $800 
per pound) and is brewed from coffee beans that are gathered from elephant dung 
after passing through its gastrointestinal tract. Generally, the processes in which 
the coffee beans are subjected to are somewhat similar to civet-cat coffee. 
However, the extent of the acidic, enzymatic and fermentation treatment may 
differ from civet-cat coffee beans given the difference in structural properties of 
the gastrointestinal tract and the microflora that are involved (Main, 2014). 
Currently, there are no studies on black ivory coffee. Nevertheless, it is an area 
that should be further explored so as to elucidate the effects of the biochemical 
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and structural properties of the animal’s gastrointestinal tract on the 
corresponding coffee aroma profile. 
Monsooning is another form of processing in which fermentation is 
responsible for the development of characteristic and desirable flavor attributes in 
monsooned coffee (Ahmad, Tharappan, & Bongirwar, 2003). It is mainly 
practiced in India, where fermentation occurs on the surface of beans as they are 
transported during the monsoon period. In one study, the microflora and enzyme 
populations of monsooned and non-monsooned coffees were compared (Ahmad 
& Magan, 2002). It was observed that the bacterial (10
8
 colony-forming units 
(CFU)/g) and fungal populations (10
5
 CFU/g) were largest in monsooned coffees. 
The predominant fungal species were identified to be Aspergillus spp., 
Penicillium spp., Absidia spp., Syncephalastrum spp., Mucor spp. and Rhizopus 
spp. However, the roles in which these microorganisms play in aroma 
development remain to be elucidated. 
There have also been patents utilizing fermentation for coffee aroma 
modulation. Boniello, Gum Jr, Scarpellino, Doonan, Patterson, and Bertkau (1989) 
described a process in which diacetyl, produced from lactic acid bacteria or yeast 
fermentation of a nutrient media containing water and soluble coffee substrates, 
was recovered and incorporated into coffee beverages or other coffee products to 
enhance their dairy or winey attributes. In the other patents that were filed, coffee 
extracts have been used as fermentation substrates for aroma modulation. 
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 Yeast and bacterial fermentation of sugar-containing coffee extracts were 
employed for the flavor development in ready-to-serve coffee beverages (Baensch, 
Rippstein, & Wood, 1996; Shigeru, Toru, & Keiji, 1992). However, such a 
fermentation process would generate a small amount of alcohols which is 
considered undesirable for such beverages. Even though alcohol production could 
be limited with aeration, it would also lead to the loss of aroma compounds.  
In another patent filed by Duboc and Milo (2003), alcohol production was 
inhibited by conducting fermentation at temperatures below 22 °C and selecting 
appropriate yeast strains that do not produce alcohols under these optimized 
conditions for the fermentation of sugar-containing coffee extracts. Fruity and 
floral attributes were obtained from the yeast/lactic acid bacterial fermentation of 
coffee extracts and they were attributed to the conversion of 2- and 3-
methylbutanal to their corresponding alcohols and thiols compounds to 
thioacetates and diketones during fermentation (Duboc & Milo, 2003). 
Besides coffee extracts, green coffee beans were also subjected to 
fermentation or enzymatic treatments to promote coffee aroma modulation. In the 
patent filed by Small and Asquith (1989), green and partially-roasted coffee beans 
were subjected to treatment by polysaccharide-degrading enzymes, proteases, 
lipases and phenol oxidase at pressure conditions above 1.7 MPa. The treated 
coffee beans were then dried and roasted. It was reported that coffees processed 




On the other hand, in the patent filed by Li, Li, and Li (2010), coffee 
aroma modulation was achieved via solid-state fermentation of green coffee beans 
by Antrodia camphorate, a macrofungus under aseptic conditions for 15 – 60 days 
at 15 – 30 °C. It was reported that aroma compounds such as terpenes and 
sesquiterpenes were generated through such a process and this altered the aroma 
attributes of roasted coffee. Furthermore, under these conditions, the production 
of undesirable metabolites and flavor attributes could be readily avoided as 
compared to the civet-cat treatment. For civet-cat treated coffee beans, they were 
subjected to natural fermentation by microflora that are present within the 
gastrointestinal tract of the palm civet cat, which could easily lead to unwanted 
fermentation given the lack of controllability.  
In addition, the aforementioned methods of processing (fermentation and 
enzymatic treatments) would appeal more to consumers. However, no analytical 
data and discussions were presented for both patents and there were no other 
studies in this area. Nevertheless, it would be of value to investigate the effects of 
solid-state fermentation of green coffee beans with microorganisms commonly 
used for aroma modulation in other food products like Y. lipolytica and R. 
oligosporus on coffee aroma. This is an area which should be intensively 
researched upon for coffee aroma modulation and it forms the bulk of this thesis.  
2.5 Instant coffee aroma 
The differences in the aroma profiles of instant coffee and freshly brewed 
coffee have been very much attributed to the loss and degradation of aroma 
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compounds that occur during the roasting, grinding, percolation, concentration 
and drying (spray- and freeze-drying) stages of the instant coffee manufacturing 
process. The high heat involved in hot water percolation and spray-drying 
corresponded to a large extent of aroma compounds degradation (Reich, 1964) 
while volatile compounds with low boiling points were readily lost during spray-
drying. Therefore, studies have found that the number of volatile compounds 
detected in instant coffee were fewer compared to filtered coffee brew. 
Semmelroch and Grosch (1995) observed that methional, 2-methyl-3-furan-thiol, 
2-furfurylthiol, p-vinylguaiacol and 4-ethylguaiacol were absent in instant coffee. 
Furthermore, the odor intensities of potent odorants such as pyrazines, volatile 
sulfur and phenolic compounds detected in instant coffees were distinctively 
lower compared to filtered coffee brew (Sanz et al., 2002; Semmelroch, & Grosch, 
1995).    
The delivery of coffee aroma into the headspace above the cup during 
instant coffee reconstitution as well as the orthonasal, retronasal perceptions of 
coffee aroma prior to and during consumption are some stages that discriminate 
between instant coffee and brews from R & G coffee (Yu, Macnaughtan, Boyer, 
Linforth, Dinsdale, & Fisk, 2012). Therefore, there have been a slew of 
publications and patents targeting different stages of the instant coffee 
manufacturing process for instant coffee aroma enrichment. Some of these 
enrichment methods included the utilization of different solvent systems (Reich, 
1964) or extraction methods like pressure cycling (Benincá, Ortiz, Gonçalves, 
Martins, Mangrich, & Zanoelo, 2016) for percolation and the internalization of 
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pressurized gas into spray-dried coffee to enhance aroma delivery during instant 
coffee reconstitution (Yu et al., 2012).   
There were also studies and patents which utilized coffee oil as a flavor or 
delivery matrix (Chmiel et al., 1996) or a combination of both (de Oliveira, 
Cabral, Eberlin, & Cordello, 2009) for instant coffee aroma enrichment as it has 
an aroma profile that is characteristic of roasted coffee while the lipid fraction 
serves as a good solvent for volatiles (de Oliveira, Cruz, Eberlin, & Cabral, 2005). 
However, most of these methods do not achieve controlled aroma release i.e., 
aroma release only during instant coffee reconstitution and could produce oil 
slicks following reconstitution. The use of emulsion preconcentrate matrices 
formed with coffee oil/aromatized coffee oil and sucrose fatty acids esters 
(Butterbaugh & Sargent, 2002) prevented oil slicks through the formation of a 
stable O/W emulsion upon reconstitution and achieve controlled aroma release. 
This is an area that should be further explored for the enrichment of instant coffee 
aroma. 
2.6 Aroma encapsulation of coffee oil 
Besides enriching instant coffee aroma, there is considerable interest in 
utilizing roasted coffee oil as a flavor ingredient in other food matrices like ready-
to-drink (RTD) coffee beverages, cakes and candies (Frascareli, Silva, Tonon, & 
Hubinger, 2012). However, coffee oil is highly susceptible to lipid oxidation 
which leads to off-flavor development while the aroma compounds present are 
readily degraded and lost during processing. With encapsulation, the entrapment 
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of coffee oil within a barrier medium increases its oxidative stability and more 
importantly, enables the controlled release of hydrophobic aroma compounds.  
There have been a few studies on the encapsulation of green and roasted 
coffee oils with conventional and novel encapsulating agents. It was established 
that the encapsulation efficiency of coffee oil was heavily influenced by the type 
of encapsulating materials (polyethylene glycol, gum Arabic and modified starch), 
emulsion preparation parameters and their inter-dependent relationship (Frascareli 
et al., 2012; Freiberger et al., 2015; Getachew & Chun, 2016; Silva, Vieira, & 
Hubinger, 2014). The optimization of the emulsion preparation parameters 
(homogenization pressure, encapsulating agent/oil ratio, drying techniques) was 
crucial with different encapsulating agents as they influenced emulsion properties 
(droplet size, viscosity) which have a corresponding effect on the extent of 
volatile compounds retention and release (Frascareli et al., 2012; Silva et al., 
2014).  
In addition, there is growing interest to utilize label-friendly (natural and 
low toxicity) emulsifiers as alternatives to synthetic surfactants in food 
applications (Kralova & Sjöblom, 2009). This drives the development of 
surfactants/emulsifiers originating from natural sources such as biopolymers 
(carbohydrate-protein complexes) with comparable or superior emulsifying 
properties (Wijaya, van der Meeren, Wijaya, & Patel, 2017). As a consequence, 
this opens up a new class of emulsifiers where the extent of volatile compounds 
retention and release they induced in food matrices, coffee oil in particular, could 
be evaluated.    
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CHAPTER 3  
MODULATION OF COFFEE AROMA VIA THE 
FERMENTATION OF GREEN COFFEE BEANS WITH 
RHIZOPUS OLIGOSPORUS: I. GREEN COFFEE 
3.1 Introduction 
Fungal fermentation is used for the production of different types of food 
products (e.g. soy sauce, soy tempe (a traditional type of fermented soybean 
product) and saké (Japanese rice wine)) in Asia. The metabolic actions of the 
microorganisms and their corresponding enzymes during fermentation induce 
desirable organoleptic qualities and attributes such as extended shelf life and 
shorter processing time in foods (Nout & Aidoo, 2011).  
R. oligosporus is a common mold species widely used as a starter culture 
in fermented foods like soy tempe. During fermentation by R. oligosporus, 
extracellular enzymes such as proteases (Handoyo & Morita, 2006) and 
polysaccharide-degrading enzymes like xylanase, polygalacturonase, cellulase, 
arabinase, β-D-glucosidase and α-D-galactosidase (de Reu, Linssen, Rombouts, & 
Nout, 1997) are secreted. Consequently, the hydrolysis of macromolecules (lipids, 
proteins, pectins and arabinogalactans fractions), coupled with the metabolism of 
the corresponding hydrolytic products (free amino acids) during fermentation (de 
Reu et al., 1997; de Reu, Ramdaras, Rombouts, & Nout, 1994; Handoyo & Morita, 
2006), inevitably led to changes in the biochemical composition of food substrates. 
The fermentation of rice bran with R. oligosporus corresponded to an increase in 
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total antioxidant activity which was attributed to the increase in the concentrations 
of vanillic, caffeic and 4-hydroxybenzoic acids brought about by enzymatic 
hydrolysis (Abd Razak, Abd Rashid, Jamaluddin, Sharifudin, & Long, 2015).   
Volatile metabolites such as fusel alcohols and carbonyl compounds 
(acetaldehyde, 2-butanone and ethyl acetate) that are characteristic of R. 
oligosporus were also generated in-situ during fermentation (Feng, Larsen, & 
Schnurer, 2007; Jeleń, Majcher, Ginja, & Kuligowski, 2013). However, it was 
also noted that the volatile profile changes induced by R. oligosporus 
fermentation were food substrate-specific as the same R. oligosporus strain gave 
rise to different volatile profiles following soybean and barley tempe fermentation 
(Feng et al., 2007). To the best of the author’s knowledge, there were only two 
studies available on the volatiles production by R. oligosporus during 
fermentation and they were limited to soybean and barley substrates. Furthermore, 
with its strong lipolytic and proteolytic activities, it is believed that R. oligosporus 
was a suitable fungus to modulate the aroma precursor composition in green 
coffee beans.  
 Therefore, the aim of this chapter was to evaluate the effects of solid-state 
fermentation of green coffee beans with the mold R. oligosporus on the volatile 
and non-volatile profiles of green coffee beans. It was hypothesized that the 
extracellular enzymes secreted by R. oligosporus during fermentation could 
promote the hydrolysis of polysaccharides, lipids and proteins present in green 
coffee beans, leading to the modification of the composition of aroma precursors 
such as reducing sugars, amino and phenolic acids. These aroma precursors 
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participate in Maillard reaction, caramelization and pyrolysis during roasting that 
are responsible for coffee aroma formation. In addition, the metabolism of aroma 
precursors by R. oligosporus could lead to the production of volatile metabolites 
that could influence the corresponding coffee aroma.      
3.2 Materials and methods  
3.2.1 Chemicals, reagents and solvents  
Reference standards ferulic, caffeic, p-coumaric, chlorogenic, citric, quinic, 
lactic acids, glucose, sucrose, fructose, tryptophan, Folin-Ciocalteu phenol 
reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma 
Aldrich (St Louis, MO, USA), malic, sinapic, α-ketoglutaric, succinic acids from 
Fluka Analytical (Steinheim, Austria), amino acids standard from Thermo 
Scientific (Rockford, IL, USA), AccQ-Fluor reagent kit, AccQ-Tag eluent A 
concentrate from Waters (Dublin, Ireland) and C7–C40 saturated alkanes standard 
from Supelco, Sigma Aldrich (Barcelona, Spain).  
HPLC-grade methanol, American Chemical Society (ACS)-grade 
petroleum ether (35 °C-60 °C), ethanol, acetone were acquired from Merck 
(Darmstadt, Germany), HPLC-grade acetonitrile from Tedia (Fairfield, OH, USA), 
acetic acid from RCI Labscan Limited (Pathuwan, Bangkok, Thailand) and 
sulfuric acid from VWR (Pennsylvania, USA). 
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3.2.2 Green coffee beans and R. oligosporus starter cultures  
Semi-dry processed green coffee beans (Coffea arabica) from the Toraja 
(Utara) region of Sulawesi, Indonesia were used in this study. They were stored in 
the dark at room temperature prior to fermentation. The R. oligosporus starter 
culture was obtained from PT. Aneka Fermentasi Industri (Bandung, Indonesia). 
The identity of the fungus species was verified at the School of Technobiology at 
Atma Jaya Catholic University of Indonesia (Jakarta, Indonesia).  
3.2.3. Solid-state fermentation (SSF) of green coffee beans 
The inoculum was prepared by suspending R. oligosporus starter culture 
(4 g) in sterile deionized water (10 ml). The number of CFU per unit gram of R. 
oligosporus starter culture was estimated by plating on potato dextrose agar 
(PDA).  
Green Arabica Toraja coffee beans, with an initial moisture content of 
7.24 ± 0.11%, were rehydrated by soaking in deionized water (20% m/v) at 4 °C 
for 24 h to achieve a final moisture content of 53.39 ± 0.56%. The hydrated green 
coffee beans were then steamed at 80 °C for 40 min and cooled to room 
temperature under sterile conditions prior to inoculation. The efficiency of the 
heat-treatment process was evaluated via plating on PDA agar. Triplicate batches 
of heat-treated green coffee beans were inoculated with R. oligosporus at an 
inoculum size of approximately 10
4
 CFU/g of green coffee beans and incubated at 
30 °C for 5 days. After fermentation, the fermented green coffee beans were 
steamed at 100 °C for 10 min to inactivate fungal growth and oven-dried at 70 °C 
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until a moisture content of 7% was achieved. They were split up into four portions 
in which one portion was used for green coffee beans analysis. The unfermented 
green coffee beans were subjected to the same treatment steps, with the exception 
of the inoculation of R. oligosporus starter culture. Both fermented and 
unfermented green coffee beans were stored in aluminum pouches at -20 °C. Prior 
to analysis, the green coffee beans were thawed thoroughly at room temperature 
for 90 min. 
3.2.4 Volatile profile analysis  
Volatile compounds were analyzed via HS-SPME-GC-MS/FID. Green 
coffee beans were ground (Krups GVX2, Germany) and the coffee grounds (2 g) 
were extracted in a screw-capped headspace vial at 90 °C for 30 min, with 
constant agitation at 250 rpm using a carboxen/poly(dimethylsiloxane) (PDMS) 
SPME fiber (85-μm film thickness, Supelco, Sigma-Aldrich, Barcelona, Spain). 
HS-SPME parameters were derived in previous optimization trials (data not 
shown).  
GC-MS/FID analysis of the volatile profiles of green coffee beans was 
conducted in an Agilent 7890N GC coupled to a 5975 inert MS and a FID 
(Agilent Technologies, Palo Alto, CA, USA) based on the protocol described by 
Lee, Toh, Yu, Curran, and Liu (2013). Volatiles on the SPME fiber were 
thermally desorbed at 250 °C into a fused silica capillary column (60 m × 0.25 
mm × 0.25 μm, DB-FFAP, Agilent Technologies, Woodbridge, USA) consisting 
of a nitroterephthalic acid modified-polyethylene glycol coating (0.25-μm film 
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thickness) under splitless mode. Helium was used as the carrier gas with the flow 
rate set at 1.2 ml/min. The temperature of the GC oven was held initially at 50 °C 
for 5 min before increasing to 230 °C at a rate of 5 °C/min during the analysis run 
and held for 30 min. The FID temperature was maintained at 250 °C.  
For mass spectra analysis, electron impact (EI) ionization was utilized as 
the mode of ionization with the ionization energy set at 70 eV. Tuning was 
conducted with perfluorotributylamine. Data acquisition was set for mass 
fragments ranging from m/z 40-500. Identification of volatile compounds was 
achieved via mass spectral comparison with Wiley database and linear retention 
indices (LRI), derived from C7-C40 alkane standards analyzed under similar 
conditions while FID peak areas were used for semi-quantification. 
3.2.5 Non-volatile profile analysis  
3.2.5.1 Sample pre-treatment 
Green coffee beans were first ground and defatted with petroleum ether 
(35-60 °C) using Soxtec
TM
 2050 auto fat extraction system (FOSS, Hillerød 
Denmark) to prevent interference with non-volatiles extraction and analysis. After 
defatting, the defatted coffee grounds were blown-dry with inert N2 gas in a 
fumehood and stored overnight at -30 °C before freeze-drying (VirTis AdVantage, 
Genevac, SP Scientific, Ipswich, UK) to remove any residual moisture. After 
freeze-drying, the green coffee grounds were then stored in a desiccator prior to 
non-volatiles extraction and analysis. The extractions of sugars, phenolic, organic 
and amino acids were conducted in triplicate.  
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3.2.5.2. Phenolic acid extraction 
The protocol used for the extraction of non-volatile phenolic acids in 
freeze-dried defatted green coffee grounds was adapted from Cheong et al. (2013) 
with slight modifications. Green coffee grounds (4 g) were extracted using a 
ternary extraction solvent system consisting of methanol, acetone and water in the 
ratio of 7:7:6 for 30 min (6 × 40 ml). The phenolic acid extracts were evaporated 
to dryness at 40 °C using a rotary evaporator (Eyela rotary vacuum evaporator N-
1200 Series, China), reconstituted with 80% methanol (5 ml) and stored at -30 °C 
prior to analysis.  
3.2.5.3 Sugar extraction 
The protocol utilized for sugar extraction was adapted from Maness 
(2010). Defatted green coffee grounds (5 g) were sonicated with 80% (v/v) 
aqueous ethanol for 30 min (4 × 50 ml). Following extraction, the extracts were 
combined and evaporated to dryness using a rotary evaporator. The residue was 
then reconstituted with deionized water (5 ml) and stored at -30 °C prior to 
analysis.  
3.2.5.4 Co-extraction of organic and amino acids   
Organic and amino acids were co-extracted from defatted green coffee 
grounds (2 g) with deionized water (10 ml) for 30 min at 200 rpm using an orbital 
shaker (Heidolph Rotamax 120, Schwabach, Germany). The extract was decanted 
46 
 
after centrifugation (Sigma 3–18 K centrifuge, Osterodeam Harz, Germany) at 
14,000 rpm for 30 min and stored at -30 °C prior to analysis. 
3.2.5.5 Phenolic acids analysis  
The phenolic acid extracts were analyzed using high performance liquid 
chromatography (HPLC) (Shimadzu HPLC, Class-VP software version 6.1, 
Kyoto, Japan) and LabSolution software (Shimadzu, Kyoto, Japan) based on the 
analytical protocol previously described by Cheong, Chong, Liu, Zhou, Curran 
and Yu (2012). Prior to HPLC analysis, the phenolic acid extracts were filtered 
through a 0.20-μm polytetrafluoroethylene (PTFE) membrane (Sartorius, 
Gottingen, Germany).  
Phenolic acids were resolved using a Zorbax Eclipse C18 column (4.6 × 
150 mm, 5 μm; Agilent Technologies, Palo, Alto, CA, USA) attached to a C18 
guard column with a gradient elution system consisting of 1% (v/v) acetic acid 
(mobile phase A) and methanol neat (mobile phase B) at 40 °C. Photodiode array 
detector was used for the detection of the eluted compounds at 320 nm. Phenolic 
acids were identified with reference standards (chlorogenic, caffeic, p-coumaric, 
ferulic and sinapic acids) and quantified with their respective calibration curves. 
The calibration curve for chlorogenic acid was in the range of 5-700 mg/L while 




3.2.5.6 Sugars and organic acids analysis 
Prior to HPLC analysis, sugar and organic/amino acids extracts were 
filtered through a 0.20-μm regenerated cellulose (RC) membrane (Sartorius, 
Gottingen, Germany). The analytical protocols utilized for both analyses were in 
accordance with that described previously by Lee et al. (2013).  
Sugars were resolved using a Zorbax carbohydrate column (150 × 4.6 mm; 
Agilent, Santa Clara, CA, USA) attached to a Zorbax SB-Aq guard column via 
isocratic elution with 80% (v/v) acetonitrile and detected using evaporative light 
scattering detector (ELSD) (Shimadzu, Kyoto, Japan). Sugars were identified with 
reference standards (sucrose, fructose and glucose) and quantified with the 
respective calibration curves in the range of 50 mg/L-5000 mg/L.  
Organic acids were resolved using a Supelcogel C-610 H column (Supelco, 
Bellefonte, PA, USA) via isocratic elution with 0.1% (v/v) sulfuric acid and 
detected with a photodiode array detector at 210 nm. Organic acids were 
identified with reference standards (oxalic, citric, α-ketoglutaric, malic, quinic, 
succinic, lactic and acetic acids) and quantified with the respective calibration 
curves. The calibration curve of oxalic acid was in the range of 5 mg/L-2500 
mg/L while calibration curves of the remaining organic acids were in the range of 
20 mg/L-10,000 mg/L. 
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3.2.5.7 Amino acids analysis  
Amino acids were derivatized using an AccQ-Fluor reagent kit and 
resolved using a Waters AccQ-Tag Nova-Pak C18 column (150 ×  3.9 mm; 
Waters, Dublin, Ireland) via gradient elution consisting of 9.1% (v/v) AccQ-Tag 
Eluent A concentrate (mobile phase A) and 60% (v/v) aqueous acetonitrile 
(mobile phase B) (Waters, 1993). Amino acids were identified with a mixed-
amino acid standard (aspartic acid, serine, glutamic acid, glycine, histidine, 
arginine, threonine, alanine, proline, cysteine, tyrosine, valine, methionine, lysine, 
isoleucine, leucine, phenylalanine and ammonia), tryptophan and quantified with 
their respective calibration curves in the range of 4 μM–50 μM.  
3.2.5.8 Total polyphenol content 
The total polyphenol content in green coffee beans was determined with 
Folin-Ciocalteu reagent based on a method established by the International 
Organization of Standardization (ISO) (2005). The phenolic acid extracts of 
fermented green coffee beans were diluted 800-fold while the phenolic acid 
extracts of blank and unfermented green coffee beans were diluted 1000-fold. The 
diluted phenolic extracts (1 ml) were then mixed with 10% (v/v) Folin-Ciocalteu 
reagent (5 ml), vortexed and allowed to stand for 5 min. Subsequently, 7.5% (v/v) 
Na2CO3 solution (4 ml) was added to the reaction mixture. The resultant mixture 
was vortexed thoroughly and allowed to stand for 60 min. The absorbance at 765 
nm was measured (UV-Vis Spectrophotometer, Pharmaspec UV-1700, Shimadzu, 
Kyoto, Japan) and auto-zeroed with a blank of the same set-up where the diluted 
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phenolic extracts were replaced with 80% methanol. Total polyphenol content 
was quantified in gallic acid equivalence with a gallic acid calibration curve in the 
range of 10 mg/L – 50 mg/L. 
3.2.5.9 Determination of antioxidant activities via DPPH assay 
Antioxidant activities of green coffee beans were determined using DPPH 
reagent based on a method adapted from Brand-Williams, Cuvelier, and Berset 
(1995) with phenolic extracts that were diluted 1000-fold. Diluted phenolic 
extracts (0.1 ml) were reacted with 25 mg/L methanolic DPPH solution (3.9 ml) 
and left to stand in the dark for 2 h. Reaction was conducted in triplicate. The 
absorbance at 515 nm was measured and auto-zeroed with a blank consisting of 
80% methanol. % inhibition values (calculated as follows) were calculated with 
the absorbance values of control samples of the same setup where the diluted 
phenolic extracts were replaced with 80% methanol. 
% inhibition = (1 −
Abssample
Abscontrol
) × 100 
The antioxidant activities of green coffee beans in trolox equivalence were 
quantified with a trolox calibration curve in the range of 0-20 mg/L.  
3.2.6. Statistical analysis 
The mean values and standard deviations reported were calculated from 
data derived from triplicate batches of fermentation and extractions. Statistical 
differences at p<0.05 between the mean values were evaluated with the analysis 
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of variance (ANOVA) and Scheffe’s test (SPSS® 17.0 software, SPSS Inc., 
Illinois, USA). 
3.3 Results and discussion  
3.3.1 Changes of the volatile profile after fermentation 
A comparison of the volatile profiles of fermented and unfermented green 
coffee beans yielded 48 compounds (Table 3.1) consisting of acids, alcohols, 
carbonyls, esters, furans, phenols, pyrazines, pyrroles and terpenes. These 
compounds were either of green coffee origin or commonly associated with R. 
oligosporus fermentation of other food substrates. The latter consisted of volatiles 
such as hexanal, 2,3-butanediol, 1-octen-3-ol, 2-pentyl-furan and nonanal which 
were metabolized or produced by R. oligosporus during barley and soybean tempe 
fermentation (Feng et al., 2007). In addition, changes to the levels of other 
volatiles were also observed and could be due to the influence of the substrate on 
volatile production by R. oligosporus (Feng et al., 2007). Nevertheless, there are 





Table 3.1. Effects of R. oligosporus fermentation on the volatile profiles of green coffee beans 
Compound name  





FFAP Literature Unfermented Fermented 
Acids  
     






 Pungent, sour, vinegar-like 
Isobutyric acid 1573 - 60 ± 7
 
- MS Acidic 




MS Acidic, sweaty, rancid 




MS Green, phenolic, dairy-like 






 Sour, fatty, sweaty, cheese-like 




MS Fatty, waxy, cheese-like 




MS Waxy, cheese-like 
Benzoic acid  2458 2430 21 ± 3
a




 Faint, balsamic 







        Alcohols  
     
 1-octen-3-ol
I






 Earthy, green, mushroom-like 




MS Citrus, flora, oily, sweet 






 Fruity, creamy, buttery 
Benzyl alcohol
I






 Flora, rose-like, phenolic, balsamic 
2-phenylethyl alcohol
I






 Flora, rose-like, honey 







            Aldehyde/Ketone/Lactone  





- 567 ± 27
a
 552 ± 48
a 
MS Buttery, creamy, caramellic  
Hexanal
I






 Green, fatty, grassy  
Acetoin
I






 Buttery, creamy, dairy-like 




MS Pungent, caramellic, ethereal 
2-trans-heptenal
I






Pungent, green, fatty, vegetable-like 




MS Fruity, buttery, dairy, nutty 
Benzaldehyde
I






 Bitter almond, cherry-like, sweet 
Trans-2-nonenal
I






 Fatty, green, cucumber-like, aldehydic  
γ-butyrolactoneI 1657 1607 236 ± 34a 120 ± 18b MS, LRIa Creamy, oily, fatty, caramellic  
Phenylacetaldehyde
I
 1662 - -
 
29 ± 2 MS Sweet, flora, honey-like, cocoa-like 
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Table 3.1. (Continued) 
Compound name  





FFAP Literature Unfermented Fermented 
β-damascenoneI 1835 1800 - 11 ± 3 MS, LRIc Sweet, fruity, rose-like 
Vanillin
I






 Vanilla-like, creamy  







 Esters      




MS Fruity, green, grape-like 
Methyl benzoate  1639 - -
 
28 ± 3 MS Phenolic, wintergreen, almond-like, flora 
Methyl salicylate
I




MS Wintergreen, mint-like 
Ethyl palmitate
I




MS Waxy, fruity, creamy, balsamic 





Furans       
2-pentylfuran
I
 1227 1229 229 ± 41
a




 Fruity, green, earthy, beany 
Furfural
I






 Almond-like, woody, bready 
5-methylfurfural
I






 Caramellic, spicy, coffee-like 
Furfuryl alcohol
I






 Alcoholic, coffee-like, caramellic, bready 





Phenols        






 Phenolic, spicy, smoky, woody 
Phenol
I






 Phenolic, rubbery, plastic-like 




MS Phenolic, woody, leather-like 
p-vinylguaiacol
I






 Woody, amber-, cedar-like 




MS Phenolic  
4-vinylphenol
I




MS Phenolic, sweet, chemical-, medicine-like  





Pyrazines        
2-methylpyrazine
I




MS Nutty, cocoa-like, roasty 
2,5-dimethylpyrazine
I
 1332 - 67 ± 16
a
 43 ± 7
a 
MS Nutty, roasty, earthy, cocoa-like 
2,6-dimethylpyrazine
I




MS Nutty, roasty, cocoa-, coffee-like 
2-ethylpyrazine
I




MS Nutty, woody, roasty, cocoa-like 




MS Nutty, coffee-like, caramellic, cocoa-like 
2-methoxy 3-isobutylpyrazine
I
 1531 1511 30 ± 7
a




 Green, peasy, bell pepper-like 
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Table 3.1. (Continued) 
Compound name  





FFAP Literature Unfermented Fermented 





Pyrroles       
2-acetylpyrrole  1994 1970 34 ± 2
a




 Musty, nutty, coumarin-like 
2-formyl pyrrole  2052 - 10 ± 1
 
- MS Musty, beefy, coffee-like 





Terpene        




MS Terpene-like, piney, herbal-like, peppery 
Others        
Styrene
I 
1261 - 161 ± 29
a
 166 ± 36
a 
MS Sweet, balsamic, flora, plastic-like 
Indole
I




MS Animallic, flora, moth ball-like 







Compounds collated by Holscher and Steinhart (1995); Identification method: MS=mass spectrum; LRI=Linear retention indices obtained from reference or 
literature values (LRI
a
 referred to the values in Gonzalez-Rios et al. (2007a), LRI
b
 referred to the values in Czerny and Grosch (2000), and LRI
c
 referred to the 
values in Holscher and Steinhart (1995); Mean values with different letters (a-b)  in the same row within the unfermented and fermented coffee beans samples 





The most notable observation was the high levels of 2,3-butanediol 
detected only in the fermented green coffee grounds. 2,3-butanediol, in excess, 
gives rise to buttery and unpleasant attributes and its presence in commercial 
green coffees was attributed to uncontrolled spontaneous fermentation during 
post-harvest coffee processing (Gonzalez-Rios et al., 2007a). 2,3-butanediol 
production had been observed in barley tempe fermentation by R. oligosporus 
(Feng et al., 2007) and its formation could be attributed to diacetyl production 
from intermediates along the valine biosynthetic pathway in yeast fermentation. 
With the conversion of α-acetolactate into α,β-dihydroxyisovalerate being a rate-
limiting step, the oxidative decarboxylation of α-acetolactate resulted in the 
generation of diacetyl which was subsequently reduced to 2,3-butanediol via 
acetoin (Krogerus & Gibson, 2013). 
The levels of 2-phenylethyl alcohol were also relatively higher in the 
fermented green coffee beans and could be attributed to the biotransformation of 
phenylalanine to 2-phenylethyl alcohol via the Ehrlich pathway. Such 
biotransformation pathway has been observed in several other fungal species as 
reviewed by Etschmann, Bluemke, Sell, and Schrader (2002). 
Another notable observation was that the relative levels of guaiacol and p-
vinylguaiacol were significantly higher in the fermented coffee beans compared to 
unfermented green coffee beans. This was consistent with studies that showed the 
enzymatic decarboxylation of ferulic acid into p-vinylguaiacol during 
fermentation by other Rhizopus spp. such as R. oryzae (Shanker, Kishore, Kanjilal, 
Misra, Narayana Murty, Prasad, 2007). Subsequently, p-vinylguaiacol could be 
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converted into guaiacol via a series of redox, oxidative and non-oxidative 
decarboxylation reactions (Mathew & Abraham, 2006).  
Ethyl palmitate, which gives rise to a fruity note, was detected only in 
fermented green coffee beans along with methyl benzoate. Lipase production by R. 
oligosporus under SSF conditions (Mahapatra, Kumari, Garlapati, Banerjee, & 
Nag, 2009) and its catalysis of ester synthesis via transesterification (Mahapatra et 
al., 2009) and direct esterification (Ishii et al., 1990) had been documented. 
Therefore, the detection of ethyl palmitate in fermented green coffees could either 
be attributed to the trans-esterification of triglycerides containing palmitic acid 
with ethanol or direct esterification of free palmitic acid with ethanol since 
palmitic acid is one of the predominant fatty acids in green coffee beans (Flament, 
2002). However, the absence of ethanol in R. oligosporus fermented green coffee 
beans (Feng et al., 2007) could be explained by its volatilization during heat 
treatment and drying following fermentation. 
In addition, the levels of ethyl 3-hydroxybutanoate, another ester 
compound characterized with fruity notes, were significantly higher in the 
fermented beans compared to unfermented green coffee beans. In turn, this may 
suggest that R. oligosporus fermentation of green coffee beans could bring about 
an enhancement of desirable fruity notes in coffees following roasting. 
Methoxy-alkylpyrazines are key potent odorants of green coffees that give 
rise to the characteristic green peasy coffee aroma (Czerny & Grosch, 2000) and 
are formed within the coffee plant via biological pathways (Holscher & Steinhart, 
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1995). It was observed that the levels of 2-methoxy 3-isobutylpyrazine in green 
coffee beans remained unchanged following fermentation. 
3.3.2 Changes of the non-volatile profile after fermentation 
Upon characterization of the non-volatile profile, it was observed that R. 
oligosporus fermentation brought about modification of the composition of aroma 
precursors in green coffee beans. Furthermore, when changes to the volatile and 
non-volatile profiles were compared and correlated, they were relatively 
consistent with the metabolism reported of R. oligosporus during fermentation. A 
summary of the postulated metabolic reactions and pathways occurring during 
green coffee bean fermentation and changes to the composition of aroma 
precursors and volatile compounds discussed as follows are illustrated in Fig. 3.1.  
Table 3.2 shows the effects of R. oligosporus fermentation on the 
concentrations of sugars, organic and phenolic acids present within green coffee 
beans. Their respective concentrations in the blank green coffee beans were 
comparable to the levels that were reported in the literature (Jham, Fernandes, 






 Fig. 3.1. Summary of the proposed metabolic pathways occurring during green coffee bean fermentation by R. oligosporus and the 
corresponding changes to the volatile and non-volatile profiles (modified after Krogerus and Gibson (2013), Etschmann et al. (2002), 
Mathew and Abraham (2006), and Magnuson and Lasure (2004)) 
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Table 3.2. Effects of R. oligosporus fermentation on the sugars, organic and 
phenolic acids of green coffee beans  
Compounds  
mg/g dry wt. of green coffee beans 
Blank  Unfermented Fermented  
Organic acids 
   Oxalic acid  - - - 
Citric acid  10.30 ± 0.22
a
 6.97 ± 0.27
b
 6.65 ± 0.19
b
 
α-ketoglutaric acid - - - 
Malic acid  5.92 ± 0.10
a
 4.75 ± 0.14
b
 3.67 ± 0.14
c
 
Quinic acid 5.35 ± 0.28 Trace Trace 
Succinic acid 5.07 ± 0.50
a
 3.46 ± 0.06
b
 3.71 ± 0.54
b
 
Lactic acid  Trace 2.96 ± 0.18
a
 4.12 ± 0.28
b
 
Total  26.64 ± 0.26
a
 18.15 ± 0.59
b




   Fructose  Trace  0.79 ± 0.02 Trace 
Glucose  22.24 ± 1.55
a
 10.34 ± 1.00
b
 7.70 ± 0.42
c
 
Sucrose  51.17 ± 2.36
a
 33.46 ± 3.04
b
 16.03 ± 0.93
c
 
Total  73.41 ± 1.10
a
 44.59 ± 4.01
b




   
Chlorogenic acid  36.91 ± 1.53
a
 23.33 ± 0.98
b
 19.61 ± 0.77
c
 
Caffeic acid  0.21 ± 0.01
a
 0.18 ± 0.01
b
 0.12 ± 0.00
c
 
p-coumaric acid  - -  - 
Ferulic acid  0.04 ± 0.00 Trace - 
Total  37.15 ± 1.55
a
 23.51 ± 0.99
b
 19.73 ± 0.77
c
 
Mean values with different letters (a-c) in the same row indicate statistical differences 
at the 0.05 level (p<0.05); -, not detectable (concentration below LOD); trace, 






As shown in Table 3.2, there were significant decreases in the 
concentrations of sucrose, glucose and fructose after fermentation. These 
observations were supported by studies where the production of β-fructosidase 
and metabolism of the corresponding monosaccharides like glucose as carbon 
sources by R. oligosporus as well as other Rhizopus spp. had been documented 
(Rehms & Barz, 1995). 
Furthermore, the metabolism of the above sugars would most likely 
correspond to the increase in lactic acid concentration observed in the fermented 
green coffee beans (Fig. 3.1 and Table 3.2) since R. oligosporus and other 
Rhizopus spp. have been found to produce lactic acid from glucose-containing 
media (Magnuson & Lasure, 2004). On the other hand, it was reported that the 
lactic acid content in green coffee beans was affected by the method of drying 
(Steiman, 2003). Higher lactic acid concentration was detected in oven-dried 
green coffee beans compared to sun-dried green coffee beans. Therefore, in this 
study, the trace amount of lactic acid in blank green coffee beans could be due to 
sun drying during coffee processing and the relatively elevated levels of lactic 
acid detected in unfermented green coffee beans could be due to oven-drying 
during the treatment process.  
Besides being lactic acid producers, Rhizopus spp. was also found to 
produce fumaric acid, and to a smaller extent, malic acid (Magnuson & Lasure, 
2004). Fumaric acid was determined to be generated from the metabolism of 
pyruvate via oxaloacetate and malate as intermediates (Magnuson & Lasure, 
2004). Therefore, the higher extent of fumaric acid production reported in 
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Rhizopus spp. would account for the decrease in malic acid concentration 
observed following fermentation. The concentrations of citric and succinic acids 
remained unchanged after fermentation and this was justified by the lack of 
evidence showing that citric and succinic acids were metabolized or produced by 
Rhizopus spp. Quinic acid concentration in the unfermented green coffee beans 
was significantly lower compared to the blank green coffee beans, which 
suggested substantial losses during soaking, steaming and drying given its high 
water solubility and low thermal stability.  
However, the quinic acid concentration in the fermented green coffee 
beans was not influenced by the decrease in the chlorogenic acid concentration 
following fermentation. The decrease in the latter’s concentration would likely be 
attributed to hydrolysis catalyzed by chlorogenic acid esterase, whose activity had 
been reported in other fungal species such as Aspergillus spp. (Asther et al., 2005). 
It is plausible that the metabolism of quinic acid by R. oligosporus could have 
cancelled out the increase in concentration brought about by chlorogenic acid 
hydrolysis.  
Similarly, the decrease in chlorogenic acid concentration after 
fermentation did not correspond to an increase in caffeic acid concentration in the 
green fermented coffee beans. Such an observation could be attributed to the 
numerous fungal biotransformation pathways involving caffeic acid that have 
been reported. Caffeic acid was found to be generated from the demethylation of 
ferulic acid (Mathew & Abraham, 2006) while other fungal and yeast species had 
been found to convert caffeic acid into volatile phenols such as guaiacols and 
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ethyl phenols (Cabrita, Palma, Patao, & Freitas, 2012). The latter metabolic 
pathway would explain the significant increase in the levels of volatile phenolic 
compounds in fermented green coffee beans (Table 3.1). Furthermore, the 
collective consequence of these metabolic pathways could explain the net 
decrease in caffeic acid concentration following fermentation.  
The concentration of ferulic acid decreased significantly following 
fermentation. This was supported by evidence of fungi-mediated 
biotransformation in the literature (Mathew & Abraham, 2006). The non-
oxidative decarboxylation of ferulic acid and elimination of the acetate moiety 
from the unsaturated side chain of ferulic acid were two major metabolic 
pathways of ferulic acid observed in many fungal species which resulted in the 
generation of volatile compounds such as guaiacols, p-vinylguaiacol and vanillin 
(Mathew & Abraham, 2006). This again was consistent with the observations 
obtained from the volatile profiles of green coffee beans after fermentation.  
Table 3.3 presents the effects of R. oligosporus fermentation on the free 
amino acids concentration in green coffee beans. As serine and asparagine co-
eluted in this analysis, the concentration presented was a sum of their individual 
concentrations. Furthermore, the concentrations of the free amino acids detected 
in blank samples were comparatively similar to the values obtained in the 




Table 3.3. Effects of R. oligosporus fermentation on the free amino acids of green 
coffee beans  
Amino acids  
mg/kg of dry wt. green coffee 
Blank Unfermented Fermented 




















Gly 138.79 ± 6.67
a





His & Gln Trace  Trace  Trace  
NH3 7.85 ± 1.43
a




Arg 81.89 ± 5.87
a




Thr - - Trace  
Ala 138.49 ± 3.41
a




Pro 204.03 ± 4.89
ab




Cys 57.57 ± 6.15
a




Tyr - - Trace  
Val 226.89 ± 13.72
a




Lys -  - - 
Ile - - - 
Leu - - - 
Phe 51.45 ± 4.60
a




Trp 60.70 ± 4.84
a




Total  1733.91 ± 76.12
a





Mean values with different letters (a-c) in the same row indicate statistical 
differences at the 0.05 level (p<0.05); -, not detectable (concentration below 
LOD); trace, concentration below LOQ; blank, commercially purchased green 
coffee beans from the same batch 
 
It was observed that there were no significant differences in the net total 
free amino acids concentrations present in the blank, unfermented and fermented 
green coffee beans. This was in contrast to studies showing that the total free 
amino acids concentration of soybeans increased by 3-10 fold following tempe 
fermentation by R. oligosporus as a result of protease activity (Handoyo & Morita, 
2006). Nevertheless, such an observation was the net effect of the increases and 
decreases in the concentrations of different amino acids after fermentation. The 
former would imply the occurrence of protein hydrolysis during fermentation 
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which was further substantiated by the increase in ammonia concentration 
detected in the fermented green coffee beans. 
Based on Table 3.3, there were significant increases in the concentrations 
of aspartic, glutamic acids, alanine, proline, phenylalanine and ammonia, and 
decreases in the concentrations of serine and asparagine after fermentation. The 
trends of these fermentation-induced changes in amino acids concentrations were, 
however, consistent with the results observed in tempe fermentation by R. 
oligosporus (Handoyo & Morita, 2006), except for serine and asparagine. The 
free amino acid concentrations presented were the net effect of protein hydrolysis 
during fermentation and amino acid metabolism by R. oligosporus. Therefore, the 
decrease in serine and asparagine concentrations could be due to the preferential 
metabolism of these amino acids as nitrogen sources or the conversion of 
asparagine to aspartic acid. 
The largest increase in concentrations was observed for alanine, glutamic 
and aspartic acids. This was consistent with the high alanine, glutamic and 
aspartic acids content detected in green coffee beans following total protein 
hydrolysis (Casal, Mendes, Oliveira, & Ferreira, 2005). The free valine 
concentration is affected by two formation pathways and one metabolic pathway; 
the proteolytic hydrolysis of coffee proteins as well as the biosynthesis and 
metabolism of valine by R. oligosporus. However, valine biosynthesis was 
disrupted due to the production of 2,3-butanediol from intermediates along the 
biosynthetic pathway (Table 3.1). Therefore, the combination of protein 
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hydrolysis and metabolism of valine as a carbon source by R. oligosporus would 
account for the insignificant net change in valine concentration. 
3.3.3 Antioxidant activities of green coffee beans  
The high antioxidant activities of green and roasted coffees have been 
linked to potential health benefits and were attributed to the presence of 
polyphenolic compounds like chlorogenic acids. Therefore, the determination of 
antioxidant activities would not only provide another means of measuring the 
effects of R. oligosporus fermentation, but also enable correlation with the 
phenolic acids profile presented in Table 3.2. The Folin Ciocalteu Reagent and 
DPPH assays used in this and the subsequent studies were commonly used to 
evaluate the antioxidant activities of coffee.   
Table 3.4 presents the DPPH scavenging activities of green coffee beans 
expressed in trolox equivalence (mg trolox/g) and the total polyphenol content 
expressed in gallic acid equivalence (mg Ga/g). The general trend of the total 
polyphenol content of the blank, unfermented and fermented green coffee beans 
was closely correlated with their respective phenolic acid concentrations. 
Chlorogenic acids, along with other non-volatile phenolic derivatives, are the 
major contributors to the antioxidant capacities of green coffee beans (Cheong et 
al., 2013). Therefore, the significant decrease in the total polyphenol content of 
fermented green coffee beans would be explained by the decrease in the 
concentration of phenolic compounds after fermentation. 
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Table 3.4. Effects of R. oligosporus fermentation on the antioxidant activities of 
green coffee beans 
Antioxidant assay type 
Green coffee beans 
Blank Unfermented Fermented 






DPPH (mg trolox/g) 84.38 ± 3.40
a
 82.59 ± 7.57
a
 77.15 ± 2.92
a
 
Mean values with different letters (a-b) in the same row indicate statistical 
differences at the 0.05 level (p<0.05); blank, commercially purchased green 
coffee beans from the same batch. 
 
However, there were no significant differences among the DPPH 
scavenging activities of the blank, unfermented and fermented green coffee beans. 
The disagreement in the conclusions obtained from the two antioxidant assays 
could be explained by the different reactivities and affinities of antioxidants 
present in the green coffee phenolic extracts towards the DPPH and Folin-
Ciocalteu phenol reagents. Furthermore, enhancement of the antioxidant activities 
of other media such as chickpea following R. oligosporus fermentation (Sanchez-
Magana et al., 2014) suggested that the fermentation characteristics of R. 
oligosporus were substrate-dependent.  
3.4 Conclusions 
The effects of SSF of green coffee beans by R. oligosporus on the volatile 
and non-volatile profiles of green coffee beans were evaluated. During 
fermentation, some volatiles were degraded while the generation of some volatiles 
could be correlated with the metabolism of aroma precursors in green coffee 
beans by R. oligosporus. 36% of the total volatiles detected in fermented green 
coffee beans were generated during fermentation. The extensive degradation of 
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ferulic and caffeic acids corresponded to 2-fold increase in the total levels of 
volatile phenolic derivatives.  
On the other hand, the degradation of chlorogenic acid during 
fermentation would likely account for the decrease in total polyphenol content of 
fermented green coffee beans. Proteolysis during fermentation resulted in 1.5- and 
1.6-fold increase in the concentrations of proline and aspartic acid, respectively. 
Sucrose hydrolysis brought about by β-fructosidase secreted and the metabolism 
of the corresponding hydrolytic products by R. oligosporus led to significant 
decreases in the concentrations of sucrose and glucose. These results clearly 
showed that R. oligosporus fermentation induced significant changes (at the 95% 
significance level) to the composition of aroma precursors in green coffee beans. 
These compounds are responsible for the generation of potent classes of odorants 
(pyrazines, thiols, furanones and guaiacols) that give rise to the characteristic 
coffee aroma during roasting. Therefore, changes to the non-volatile profile of 
green coffee beans should correspond to the modulation of the volatile and aroma 
profiles of roasted coffees (the subject of another study in Chapter 4). More 
importantly, this study shows that the fermentation of green coffee beans with 
suitable microorganisms like R. oligosporus was an avenue that could potentially 




CHAPTER 4  
MODULATION OF COFFEE AROMA VIA THE 
FERMENTATION OF GREEN COFFEE BEANS WITH 
RHIZOPUS OLIGOSPORUS: II. EFFECTS OF DIFFERENT 
ROAST LEVELS  
4.1 Introduction  
The fermentation and biotransformation of different coffee matrices along 
the coffee processing chain have resulted in coffees with unique and desirable 
traits (Gonzalez-Rios et al., 2007b; Marcone, 2004). However, the evaluation of 
the volatile, non-volatile and aroma profiles of green and roasted coffees before 
and after fermentation is critical for studies attempting to modulate coffee aroma 
via biotransformation processes. Besides depicting the compositional changes that 
occur during fermentation, such analytical data provide further insights into how 
fermentation-induced changes to the aroma precursors in green coffees will affect 
coffee aroma formation during roasting. More importantly, the volatile profiles of 
roasted coffees can account for the corresponding aroma profile changes which 
was the parameter commonly used to evaluate the effects of fermentation in the 
literature. 
Changes to the respective volatile and non-volatile profiles of green coffee 
beans, induced by R. oligosporus fermentation are reported in Chapter 3. In that 
study, it was found that R. oligosporus fermentation induced significant changes 
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to the composition of aroma precursors in green coffee beans such as sucrose, 
amino acids and non-volatile phenolic compounds. The degradation of green 
coffee volatiles and generation of volatile metabolites during R. oligosporus 
fermentation resulted in significant changes to the volatile profiles of green coffee 
beans. 
However, as coffee aroma is mainly generated during roasting, the extent 
of aroma modulation of roasted coffee induced by R. oligosporus fermentation 
could only be determined upon roasting. Furthermore, different roasting times and 
temperatures were found to influence the evolution of potent odorants such as 
pyridine, p-vinylguaiacol and 2-furfurylthiol during roasting (Baggenstoss et al., 
2008), giving rise to different volatile profiles. It was highlighted that the 
comparison of the volatile profiles of coffees roasted to different degrees allowed 
clearer distinction and understanding of the effects of different post-harvest 
treatments to which the green coffee beans were subjected (Gonzalez-Rios et al., 
2007b). 
Therefore, the aim of this chapter was to evaluate the effects of solid-state 
fermentation of green coffee beans by R. oligosporus on the volatile and aroma 
profiles of roasted coffees subjected to 3 different roast degrees, i.e., light, 
medium and dark. Thereafter, the non-volatile profiles of coffee, with the roast 
degree at which the effects of R. oligosporus fermentation was most distinctive, 
were evaluated to account for the volatile profile changes. It was hypothesized 
that the retention of some of the fermentation-induced volatile profiles changes of 
green coffee beans after roasting and the modification of aroma precursors in 
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green coffee beans (increase in amino acids concentration and decrease in sugar 
and phenolic acid concentrations) would lead to significant changes in the volatile 
and aroma profiles of roasted coffees.  
4.2 Materials and methods  
4.2.1 Chemicals, reagents, solvents, green coffee beans, R. oligosporus starter 
culture  
The materials used in this study can be found in sections 3.2.1 and 3.2.2 in 
Chapter 3 with the exception of the mixed amino acids reference standard which 
was purchased from Sigma Aldrich (St Louis, MO, USA). 
4.2.2 SSF of green coffee beans  
The methodology used for the SSF of green coffee beans by R. 
oligosporus can be found in section 3.2.3 in Chapter 3. After fermentation, the 
remaining three portions of fermented and unfermented green coffee beans were 
subjected to three different degrees of roast and then analysis as described in the 
following sections.  
4.2.3 Roasting of green coffee beans  
Green coffee beans (moisture content - 7%) were roasted with a Genecafe 
CR-100 coffee roaster (Genesis, Korea) under constant air temperature of 245 °C 
for 11 min, 12.5 min and 15 min to achieve light, medium and dark roast levels 
respectively. Luminance and weight loss were two roasting indicators measured 
to evaluate the degree and consistency of roast (Baggenstoss et al., 2008). Light, 
70 
 
medium and dark roast levels were typically characterized with lightness (L*) 
values in the ranges of 28.5-31.1, 25.6-26.0 and 22.6-24.3 and percentage (%) 
weight loss in the ranges of 12.7-14.5%, 14.2-16.2% and 16.9-18.9% respectively 
(Gonzalez-Rios et al., 2007b; Pittia, Nicoli, & Sacchetti, 2007). In this study, the 
L* values of the roasted coffee beans were measured (Konica Minolta CM-3500d 
spectrophotometer, Osaka, Japan) while weight loss was expressed as a 
percentage of the weight of green coffee beans prior to roasting. Similarly, the 
roasted coffee beans were also stored at -20 °C before analysis.  
4.2.4 Volatile and non-volatile profiles analysis 
The volatile profiles of light, medium and dark roasted coffee beans were 
analyzed via HS-SPME-GC-MS/FID with HS-SPME parameters (90 °C, 30 min 
and 2 g roasted coffee grounds) and GC-MS/FID conditions that were identical to 
green coffees (elaborated in section 3.2.4 in Chapter 3).  
For non-volatile profile analysis of light roasted coffee beans, the sample 
pre-treatment, extraction, analytical methodologies (phenolic, organic and amino 
acids) and antioxidant assays (Folin-Ciocalteu and DPPH assays) employed were 
similar to green coffee beans and could be found in section 3.2.5 in Chapter 3. 
However, for the Folin-Ciocalteu assay, the light roasted blank phenolic extract 
was diluted 1000-fold, while the light roasted unfermented and fermented 
phenolic extracts were diluted 500-fold. For the DPPH assay, all phenolic extracts 
were diluted 500-fold.  
71 
 
4.2.5 Solvent extraction of volatile compounds 
Coffee extracts were prepared as previously described by Cheong et al. 
(2013). After grinding, volatile compounds were extracted from light, medium 
and dark roasted coffee grounds (10 g) with dichloromethane (40 ml) at 25 °C for 
1 h under 200 rpm. The extracts were filtered from the roasted coffee grounds, 
dried over anhydrous Na2SO4, and concentrated under purified nitrogen stream 
with TurboVap II (Caliper Life Science). The concentrated extracts were 
reconstituted with dichloromethane (5 ml) and stored at -30 °C prior to sensory 
evaluation.  
4.2.6 Sensory evaluation of coffee extracts  
The aroma profiles of blank, unfermented and fermented coffee extracts of 
the respective roast degrees (light, medium and dark) were evaluated by three 
professional flavorists from Firmenich Asia Pte. Ltd., Singapore. Smelling strips 
were dipped into the respective coffee extracts and presented to the flavorists in a 
single-blind sensory evaluation. The coffee extracts were evaluated based on the 
perceived intensities from a scale of 0-5 of the following attributes: berry-like, 
buttery, caramelic, nutty, roasty, smoky, spicy, sulfury and sweet. ‘‘0” indicated 
that the attribute was not detectable while ‘‘5” indicated that the intensity of the 
attributes was highest. The scores of the aroma attributes for the respective coffee 




4.2.7 Statistical analysis 
The methodology used for the evaluation of statistical differences (p<0.05) 
between the mean values were similar to that of green coffee beans and could be 
found in section 3.2.6 in Chapter 3.   
4.3 Results and discussion  
4.3.1 Evaluation of the degrees of roast  
Different roasting time-temperature profiles (roast degrees) had been 
found to influence the evolution of potent odorants such as 2-furfurylthiol, 3-
methylbutanal and p-vinylguaiacol (Baggenstoss et al., 2008; Schenker, 
Heinemann, Huber, Pompizzi, Perren, & Escher, 2002) due to the varying extents 
of thermal reactions that occurred during roasting which led to differences in 
volatile profiles. Therefore, it is critical that the fermented and unfermented 
coffees within each degree of roast (light, medium and dark) must be roasted to 
the same extent such that the effects of R. oligosporus fermentation on the volatile 
profiles of roasted coffees can be accurately evaluated. Besides moisture content 
and chemical indicators like methylpyrazines ratios (Hashim & Chaveron, 1995), 
luminescence and roast loss measurements were two other common direct 
indicators of roast degrees (Baggenstoss et al., 2008) and were used in this study. 
The degrees of roast attained and the consistency of roast between fermented and 
unfermented roasted coffees within each roast degree were determined based on % 
weight loss and L* values measurements. Table 4.1 shows the % weight loss and 
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Table 4.1. % weight loss and L* values of light, medium and dark roasted coffee samples 
Treatment 
L* value  % Weight loss 
Light Medium Dark  Light Medium Dark 




 24.53 ± 1.47
aC
  11.74 ± 0.28
aA
 13.66 ± 0.24
aB
 15.40 ± 0.29
aC
 
Fermented  29.85 ± 0.69
aA
 25.97 ± 1.03
aB
 24.03 ± 0.90
aC
  11.18 ± 0.50
aA
 12.99 ± 0.74
aB
 16.28 ± 0.48
aC
 
Mean values with different letters (A-C) in the same row within the L* values and % weight loss parameters indicate statistical differences at the 0.05 level 
(p<0.05); Mean values with different letters (a-b) in the same column within the fermented and unfermented roasted coffee samples indicate statistical 




Classification of the roast degrees (light, medium and dark) of the roasted 
coffee samples was based on the comparison of the magnitudes of the above two 
parameters with those reported in the literature (Gonzalez-Rios et al., 2007b; 
Pittia et al., 2007). Significant differences in the magnitudes of both parameters 
for each sample type showed that three different roast degrees were obtained. 
Within each roast degree, there were no significant differences in the magnitudes 
of both parameters for fermented and unfermented roasted coffee samples. This 
was essential for the accurate evaluation of the effects of R. oligosporus 
fermentation on the volatile profiles of roasted coffees since the latter were 
influenced by the degree of roast. 
4.3.2 Changes of the volatile profiles after roasting  
Comparison of the volatile compounds identified from green and roasted 
coffees (Tables 3.1 of Chapter 3 and 4.2 of this chapter respectively) yielded 30 
common compounds which were of thermal and non-thermal origins. The latter 
consisted of compounds that were either inherent to green coffee bean aroma or 
are of processing origin. After roasting, it was observed that compounds of 
thermal origin such as guaiacol, p-vinylguaiacol, furfural, furfuryl alcohol, 2-
formylpyrrole and γ-butyrolactone increased while compounds of processing 
origins such as 2-phenylethyl alcohol and acetoin decreased in amounts (not 
quantified in concentrations). Furthermore, there were compounds of non-thermal 
origins, such as 2,3-butanediol, 1-octen-3-ol and 2-methoxy-3-isobutylpyrazine 
that were not detectable. Consequently, the above volatile profile changes would 
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thereby account for changes in the sensory profile of coffee after roasting (Czerny 
& Grosch, 2000). 
The effects of increasing roast degrees on the different classes of volatile 
compounds present in the headspaces of roasted coffees are presented in Table 4.2. 
Pyrazines and furans are 2 major groups of volatiles identified from the 
headspaces of roasted coffees whose levels decreased with increasing roast 
degrees. The inconsistency of the above observations with the headspace levels 
trends reported in the literature (Arisseto, Vicente, Ueno, Tfouni, & Toledo, 2011; 
Gonzalez-Rios et al., 2007b) could be attributed to differences in the bean 
varieties and roasting parameters used in the respective studies. Furthermore, the 
complex mechanisms involved in furan formation and the loss of volatiles as 




Table 4.2. Effects of R. oligosporus fermentation on the volatile profiles of light, medium and dark roasted coffee beans 
Compounds 
LRI FID peak area (104) 
Identification 
FFAP Ref 
Light roast  Medium roast  Dark roast 
LC LF  MC MF  DC DF 
Acids 




   
Acetic acid I  1452 1468 3799 ± 146a 3453 ± 520aA  3116 ± 552a 3558 ± 190aA  3064 ± 373a 2832 ± 300aA MS, LRIb,c,d 
3-methyl-2-butenoic acid I  1804 1819 340 ± 245a 317 ± 16aA  363 ± 122a 342 ± 164aA  171 ± 16a 177 ± 14aA MS, LRIb,c,d 
Nonanoic acid I 2169 
 
79 ± 45a 76 ± 42a  98 ± 61 -  - - MS 
Benzoic acid I 2454 2465 219 ± 54a 231 ± 94aA  - 264 ± 107A  - - MS, LRIc,d 
Total acids 
  
4437 ± 332a 4077 ± 418aA  3703 ± 415a 4164 ± 161aA  3235 ± 357a 3009 ± 289aB 
 
Alcohols             
2-phenylethyl alcohol I 1951 1921 294 ± 55a 384 ± 101aA  153 ± 36a 155 ± 98aB  - - MS, LRIa,c 
Benzyl alcohol  2014 
 
- -  508 ± 66a 526 ± 31aA  84 ± 8a 52 ± 8bB MS 
Total alcohols    294 ± 55a 384 ± 101aA  661 ± 84a 519 ± 379aA  84 ± 8a 52 ± 8bA  
Alkanes             
Tridecane I 1301  9 ± 0 -   - -  - - MS 
Hexadecane I 1601  - 32 ± 14  - -  - - MS 
Total alkanes    9 ± 0
a  32 ± 14b        
Carbonyls            
2,3-butanedione I   450 ± 26a 350 ± 33bA  446 ± 12a 397 ± 24bA  413 ± 32a 392 ± 18aA MS 
2,3-pentanedione I 1063 1067 840 ± 38a 510 ± 6bA  541 ± 70a 347 ± 43bB  316 ± 35a 218 ± 36bC MS, LRIa,c,d,e 
Hexanal I 1084 1079 48 ± 4a 36 ± 3bA  33 ± 4a 34 ± 2aA  30 ± 0a 27 ± 1bB MS, LRIa,c,e 
Acetoin I 1293 1291 469 ± 42a 401 ± 12aA  392 ± 37a 342 ± 21aB  319 ± 11a 272 ± 23bC MS, LRIa,b,c,d 
1-hydroxy-2-propanone I 1311 1300 1794 ± 29a 1476 ± 68bA  1321 ± 170a 1183 ± 87aB  1107 ± 164a 1222 ± 160aC MS, LRId 
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Table 4.2. (Continued) 
Compounds 
LRI FID peak area (104) 
Identification 
FFAP Ref 
Light roast  Medium roast  Dark roast 
LC LF  MC MF  DC DF 
2-cyclopenten-1-one I 1371 1372 - 17 ± 3A  34 ± 5a 29 ± 8aA  49 ± 18a 95 ± 11bB MS 
2-methyl-2-cyclopentenlone I 1381 1381 24 ± 6a 16 ± 2aA  34 ± 6a 25 ± 6aA  54 ± 5a 46 ± 10aB MS, LRIa,c,d 
1-hydroxy-2-butanone I 1387 1388 245 ± 41a 191 ± 38aA  212 ± 60a 156 ± 38aA  72 ± 31a 84 ± 58aA MS, LRIa,b,c,d 
1-(acetyloxy)-2-propanone I 1473 1477 1734 ± 184a 1522 ± 137aAB  2120 ± 107a 1753 ± 33bA  1604 ± 129a 1255 ± 223aB MS, LRIb,d 
2,5-hexanedione I 1517  49 ± 6a 27 ± 7bA  40 ± 2a 24 ± 5bA  31 ± 7a 25 ± 5aA MS 
1-(acetyloxy)- 2-butanone I  1540 1553 442 ± 46a 229 ± 4bA  383 ± 24a 197 ± 19bA  296 ± 18a 184 ± 73aA MS, LRIc,d 
2,3-dimethylcyclopent-2-en-1-
one I 
1558 1573 65 ± 7a 53 ± 8aA 
 
97 ± 12a 77 ± 11aB 
 
105 ± 7a 87 ± 8bB MS, LRIb,c 
γ-butyrolactone I 1653 1637 722 ± 214a 453 ± 130aA  1377 ± 384a 1252 ± 453aA  2348 ± 175a 2524 ± 411aB MS, LRIa,b,c,d 
2,4-dimethylcyclopent-4-ene-
1,3-dione 




154 ± 17a 119 ± 34a MS 
3,6-dimethyl-2H-pyran-2-one 1752  - -  - -  141 ± 16a 111 ± 32a MS 
β-damascenone I 1833 1828 25 ± 17a 77 ± 7bA  10 ± 1a 10 ± 1aB  - - MS, LRIe 
Maple lactone I 1843 1857 492 ± 53a 306 ± 36bA  374 ± 52a 252 ± 15bA  279 ± 2a 245 ± 17bA MS, LRIb,c,d 
Ethanone, 1-(3-aminophenyl)- 1846  - 25 ± 3A  40 ± 6a 26 ± 4bA  30 ± 6a 25 ± 10aA MS 
Ethyl maple lactone I 1907 1924 117 ± 54a 48 ± 8aA  76 ± 3a 46 ± 3bA  100 ± 28a 102 ± 29aB MS, LRIb,d 
Acetanisole I 2027  31 ± 9a 35 ± 3aA  101 ± 3a 79 ± 13bA  362 ± 17a 546 ± 43bB MS 
Furyl hydroxymethyl ketone 2042  262 ± 19 -  - -  - - MS 
Total carbonyls    7809 ± 405a  5773 ± 256bA  7630 ± 248a 6231 ± 359bA  7813 ± 43a 7578 ± 284aB  
Esters             
Methyl salicyate I 1798 1801 411 ± 262a 173 ± 6aA  210 ± 19a 134 ± 15bA  97 ± 20a 129 ± 51aA MS, LRIc 
Methyl-2- furoate I 2041  - 231 ± 2A  270 ± 50a 312 ± 67aA  166 ± 2a 252 ± 6bA MS 
Methyl palmitate I 2220  - -  64 ± 23a 90 ± 38aA  81 ± 35a 116 ± 10aA MS 
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Table 4.2. (Continued) 
Compounds 
LRI FID peak area (104) 
Identification 
FFAP Ref 
Light roast  Medium roast  Dark roast 
LC LF  MC MF  DC DF 
Ethyl palmitate 2257  - -  - 34 ± 0A  - 37 ± 3A MS 
Methyl linoleate 2500  - -  - -  13 ± 6a 30 ± 24a MS 
Total esters   411 ± 262a  404 ± 7aA  544 ± 70a 571 ± 93aB  357 ± 51a 563 ± 36bB   
Furans 




   
2-methylfuran I 
  
165 ± 15a 150 ± 18aA  422 ± 76a 368 ± 79aA  838 ± 178a 891 ± 239aB MS 
2,5 dimethylfuran I 
  
60 ± 4a 52 ± 2bA  85 ± 4a 82 ± 6aA  123 ± 23a 112 ± 13aB MS 
2-vinyl-5-methylfuran I 1156 1158 88 ± 4a 56 ± 5bA  90 ± 4a 85 ± 19aA  107 ± 32a 74 ± 7aA MS, LRIa,d 
2-vinylfuran I 1178 
 
17 ± 1a 15 ± 1a  18 ± 0 -  13 ± 1 - MS 
2-(2-propenyl)-furan I 1213 1226 54 ± 5a 40 ± 22aA  88 ± 9a 68 ± 6bAB  108 ± 13a 86 ± 9aB MS, LRIc 
2-pentylfuran I 1232 
 
130 ± 15a 107 ± 15aA  96 ± 6a 75 ± 18aA  78 ± 23 - MS 
Fufuryl methyl ether I 1243 1260 48 ± 5a 36 ± 4bA  83 ± 20a 73 ± 7aB  94 ± 6a 78 ± 6bB MS, LRIc,d,e 
Furfural I 1478 1473 12839 ± 536a 8324 ± 406bA  8258 ± 1339a 5824 ± 908aB  3884 ± 433a 2974 ± 721aC MS, LRIa,b,d,e 
Furfuryl formiate I 1504 1507 300 ± 56a 237 ± 24aA  518 ± 43a 511 ± 48aB  400 ± 11a 383 ± 61aC MS, LRIa,c,d 
2-acetylfuran I 1519 1513 1259 ± 106a 797 ± 69bA  1324 ± 88a 806 ± 72bA  1197 ± 56a 832 ± 22bA MS, LRIa,b,e 
1-(2-furyl)-2-propanone I 1530 1522 135 ± 4a 93 ± 8bA  170 ± 13a 109 ± 6bA  142 ± 4a 96 ± 7bA MS, LRId 
Furfuryl acetate I 1543 1547 1300 ± 319a 1071 ± 258aA  2318 ± 181a 1714 ± 270bB  2360 ± 105a 1897 ± 48bB MS, LRIa,b,c,d,e 
5-methylfufural I 1591 1582 12980 ± 441a 8392 ± 260bA  9142 ± 1300a 5963 ± 1045bB  3924 ± 394a 2343 ± 864bC MS, LRIa,b,d,e 
Furfuryl propionate I 1602 1599 - -  49 ± 8a 29 ± 15aA  59 ± 13a 28 ± 5bA MS, LRId,e 
2,2 bifuran I 1607 1615 158 ± 10a 90 ± 13bA  138 ± 73a 72 ± 19aA  113 ± 35a 90 ± 16aA MS, LRIe 
2-methyl- benzofuran I 1610 
 
43 ± 5 -  41 ± 8a 22 ± 3bA  38 ± 3a 25 ± 3bA MS 
Furan, 2,2'-methylenebis- I 1617 1637 83 ± 29a 51 ± 6aA  205 ± 47a 216 ± 15aB  297 ± 63a 272 ± 37aB MS, LRIc 
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Table 4.2. (Continued) 
Compounds 
LRI FID peak area (104) 
Identification 
FFAP Ref 
Light roast  Medium roast  Dark roast 
LC LF  MC MF  DC DF 
5-methyl-2-acetylfuran 1632 1653 124 ± 8a 76 ± 8bA  156 ± 31a 112 ± 38aA  148 ± 10a 102 ± 7bA MS, LRIc 
Furfuryl alcohol I 1673 1671 16093 ± 878a 18042 ± 1088aA  18229 ± 436a 20414 ± 1005bA  17804 ± 445a 18408 ± 1551aA MS, LRIa,b,c,d,e 
Furan, 2-(2-furanylmethyl)-5-
methyl- I 
1686 1700 55 ± 0a 35 ± 6bA 
 
143 ± 32a 87 ± 17aA 
 
217 ± 16a 163 ± 28bA MS, LRIc 
2-butylfuran I 1794 
 
459 ± 140a 109 ± 14bA  120 ± 12a 79 ± 4bA  227 ± 28a 172 ± 27aB MS 
3-phenylfuran I  1872 1880 24 ± 2a 16 ± 1bA  46 ± 24a 27 ± 1aAB  54 ± 17a 50 ± 16aB MS, LRIc 
2-Propenal, 3-(2-furanyl)- I  1880  257 ± 10a 169 ± 27bA  234 ± 33a 147 ± 22bA  102 ± 8a 61 ± 19bB MS 
2-Propenal, 3-(3-furanyl)-2-
methyl- 
1898  50 ± 5a 43 ± 2aA 
 
141 ± 15a 97 ± 10bB 
 
126 ± 5a 74 ± 18bAB MS 
Furfurylideneacetone  1927  36 ± 13a 110 ± 66aA  246 ± 15a 187 ± 15bA  244 ± 11a 192 ± 3bA MS 
Difurfuryl ether I 1996 1996 146 ± 17a 162 ± 37aA  431 ± 72a 396 ± 84aB  596 ± 39a 592 ± 57aC MS, LRIa,d,e 
5-(hydroxymethyl)-2-furfural I 2537 2528 542 ± 58a 367 ± 45bA  185 ± 32a 124 ± 25aB  72 ± 9a 57 ± 18aB MS, LRIb 
Total furans 
  
47446 ± 852a 38640 ± 963bA  42976 ± 1918a 37687 ± 1096bA  33367 ± 752a 30051 ± 2906aB 
 
Furanones 




   
Dihydro-2-methyl-3(2H)-
furanone I 
1270 1282 505 ± 32a 217 ± 9bA 
 
327 ± 42a 141 ± 18bB 
 
200 ± 12a 96 ± 22bB MS, LRIb,c,d 
2,5 dimethyl-3(2H)-furanone I 1513 
 
166 ± 8a 91 ± 4bA  122 ± 15a 67 ± 11bB  65 ± 10a 43 ± 4bC MS 
3,4-dimethyl-2,5-furandione I 1757 1764 157 ± 10a 66 ± 7bA  151 ± 12a 65 ± 2bA  117 ± 18a 53 ± 10bA MS, LRIc 
2-ethyl-3-methyl maleic 
anhydride 
1763 1777 105 ± 16a 38 ± 20bA 
 
160 ± 24a 101 ± 7bB 
 
156 ± 7a 95 ± 13bB MS, LRIc 
4-hydroxy-2,5-dimethyl-3-
furanone I 




- - MS, LRIb,c 
Total furanones 
  
999 ± 37a 460 ± 19bA  760 ± 32a 373 ± 28bB  538 ± 26a 287 ± 40bC 
 
Phenols  




   
Guaiacol I 1876 1871 360 ± 45a 277 ± 20bA  345 ± 58a 332 ± 40aAB  439 ± 46a 503 ± 119aB MS, LRIa,b,c,d,e 
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Table 4.2. (Continued) 
Compounds 
LRI FID peak area (104) 
Identification 
FFAP Ref 
Light roast  Medium roast  Dark roast 
LC LF  MC MF  DC DF 
Phenol I 2019 2030 244 ± 123a 357 ± 47aA  163 ± 62a 232 ± 201aA  258 ± 76a 278 ± 69aA MS, LRIb,d 
4-ethylguaiacol I 2045 2065 - -  121 ± 74a 165 ± 85aA  337 ± 35a 441 ± 106aB MS, LRId,e 
4-methyl-phenol I 2096 2090 30 ± 11a 36 ± 28aA  25 ± 2a 29 ± 3aA  24 ± 2a 27 ± 1aA MS, LRIe 
3-methyl-phenol I 2104 
 
139 ± 12a 88 ± 30aA  34 ± 2a 34 ± 0aB  34 ± 4a 38 ± 3aB MS 
p-vinylguaiacol I 2217 2225 1192 ± 172a 2250 ± 268bA  1667 ± 76a 1942 ± 160aA  1309 ± 30a 1347 ± 101aB MS, LRIb,d,e 
4-vinylphenol I 2413 
 
50 ± 1a 82 ± 12bA  45 ± 1a 56 ± 2bB  - 45 ± 1B MS 
Total phenols 
  
2015 ± 186a 3090 ± 254bA  2400 ± 148a 2790 ± 123bA  2400 ± 126a 2678 ± 193aA 
 
Pyrazines 




   
Pyrazine I 1220 1215 408 ± 17a 672 ± 59bA  493 ± 72a 850 ± 83bAB  598 ± 24a 1049 ± 103bB MS, LRIa,b,c,d,e 
2-methylpyrazine I 1274 1267 4972 ± 520a 7188 ± 391bA  4239 ± 327a 6115 ± 622bAB  3696 ± 254a 5167 ± 397bB MS, LRIa,b,c,d,e 
2,5-dimethylpyrazine I 1331 1324 2639 ± 478a 2769 ± 270aA  1506 ± 56a 1712 ± 275aB  1034 ± 98a 1160 ± 174aB MS, LRIa,b,c,d,e 
2,6-dimethylpyrazine I 1336 1330 2646 ± 542a 2829 ± 338aA  1509 ± 78a 1741 ± 281aB  1028 ± 96a 1184 ± 166aB MS, LRIa,b,c,d,e 
2-ethylpyrazine I 1341 1336 1029 ± 143a 1295 ± 81bA  658 ± 43a 886 ± 76bB  528 ± 51a 656 ± 77aC MS, LRIa,b,c,d,e 
2,3-dimethylpyrazine I 1357 1348 427 ± 79a 523 ± 44aA  268 ± 31a 384 ± 43bB  225 ± 23a 311 ± 28bB MS, LRIa,b,c,d,e 
2-ethyl-6-methylpyrazine I 1391 1388 867 ± 196a 959 ± 103aA  433 ± 25a 536 ± 92aB  239 ± 24a 298 ± 66aC MS, LRIa,b,c,d,e 
2-ethyl-5-methylpyrazine I 1398 1394 657 ± 129a 686 ± 78aA  383 ± 64a 449 ± 49aB  308 ± 66a 330 ± 72aB MS, LRIa,b,c,d,e 
2,3,5-trimethylpyrazine I 1413 1429 899 ± 215a 991 ± 69aA  419 ± 27a 543 ± 89aB  295 ± 31a 377 ± 62aB MS, LRIb 
Propylpyrazine 1426 1428 40 ± 7a 65 ± 6bA  34 ± 7a 55 ± 7bA  36 ± 3a 60 ± 9bA MS, LRIe 
2,6-diethylpyrazine I 1440 1433 96 ± 17a 88 ± 12aA  27 ± 3a 35 ± 6aB  18 ± 3a 26 ± 3bB MS, LRId,e 
Ethenylpyrazine I 1451 1447 14 ± 6a 10 ± 1aAB  10 ± 2a 11 ± 1aA  14 ± 4a 9 ± 1aB MS, LRIc 
2,3-diethylpyrazine I 1461 
 
35 ± 8a 30 ± 4a  - -  - - MS 
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Table 4.2. (Continued) 
Compounds 
LRI FID peak area (104) 
Identification 
FFAP Ref 
Light roast  Medium roast  Dark roast 
LC LF  MC MF  DC DF 
2,5-diethylpyrazine I  1465 
 
35 ± 7a 29 ± 6aA  16 ± 8a 13 ± 2aB  3 ± 0a 6 ± 2aB MS 
2,3 diethyl-5-methylpyrazine I 1497 
 
9 ± 1a 9 ± 1aA  5 ± 1a 4 ± 0aB  8 ± 0a 2 ± 0bC MS 
2-methyl 3,5-diethylpyrazine I 1499 
 
44 ± 5a 44 ± 2aA  26 ± 3a 27 ± 2aB  29 ± 6a 26 ± 0aB MS 
2-vinyl-6-methylpyrazine I 1501 1490 184 ± 13a 215 ± 47aA  73 ± 27a 52 ± 14aB  44 ± 18a 37 ± 17aB MS, LRId 
2-vinyl-5-methylpyrazine I 1509 1516 160 ± 4a 150 ± 6aA  120 ± 6a 107 ± 13aB  91 ± 7a 78 ± 11aC MS, LRIc 
Dimethyl-2-vinylpyrazine 1552 
 
18 ± 10a 33 ± 5aA  - 18 ± 4B  - - MS 
Isopropenylpyrazine I 1613 1620 220 ± 106a 380 ± 86aA  196 ± 47a 267 ± 46aA  189 ± 29a 275 ± 56aA MS, LRIc 
5H-5-methyl-6,7-
dihydrocyclopentapyrazine I 
1635 1643 74 ± 13a 54 ± 4aA 
 
48 ± 4a 45 ± 5aAB 
 
36 ± 3a 42 ± 3bB MS, LRIc 
2-acetylpyrazine I 1646 1662 556 ± 81a 692 ± 63aA  329 ± 16a 441 ± 63bB  198 ± 7a 244 ± 43aC MS, LRIc,d 
6,7-dihydro-5H-
cyclopentapyrazine I  
1665 
 
44 ± 17a 47 ± 2aA 
 
44 ± 6a 44 ± 8aA 
 
36 ± 2a 33 ± 5aA MS 
5-methyl 2-acetylpyrazine I 1703 
 
497 ± 48a 511 ± 50aA  292 ± 10a 299 ± 44aB  171 ± 13a 158 ± 44aC MS 
6-methyl 2-acetylpyrazine I 1714 1679 748 ± 56a 955 ± 42bA  470 ± 31a 601 ± 102aB  259 ± 10a 303 ± 62aC MS, LRId 
2-(2'-furyl)-pyrazine I 2022 
 
188 ± 61a 397 ± 68bA  265 ± 67a 444 ± 197aA  326 ± 43a 368 ± 72aA MS 
Total pyrazines 
  
17507 ± 2390a 21621 ± 1385aA  11863 ± 647a 15682 ± 2012bB  9410 ± 685a 12198 ± 988bB 
 
Pyridines 




   
Pyridine I 1191 1182 1507 ± 199a 2037 ± 434aA  2856 ± 361a 3387 ± 395aA  4318 ± 372a 5383 ± 1105aB MS, LRIa,c,d,e 
3-methylpyridine I  1309 
 
- -  - -  7 ± 1a 7 ± 3a MS 
3-methoxypyridine I 1601 
 
- -  - 33 ± 12A  19 ± 12a 25 ± 1aA MS 
2-acetylpyridine 1620 
 
107 ± 49a 87 ± 37aA  149 ± 13a 117 ± 8bA  139 ± 6a 116 ± 4bA MS 
4-acetylpyridine 1820 
 
66 ± 52a 81 ± 6aA  184 ± 49a 160 ± 11aB  180 ± 2a 201 ± 8bC MS 
3-pyridinol 2446 2450 522 ± 21a 594 ± 35bA  1286 ± 345a 1029 ± 104aB  1653 ± 210a 1570 ± 65aC MS, LRIb 
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Table 4.2. (Continued) 
Compounds 
LRI FID peak area (104) 
Identification 
FFAP Ref 
Light roast  Medium roast  Dark roast 
LC LF  MC MF  DC DF 
Total pyridines 
  
2201 ± 192a 2600 ± 733aA  4475 ± 681a 4726 ± 431aB  6317 ± 381a 7302 ± 1061aC 
 
Pyrroles 




   
1-methylpyrrole I 1146 1143 41 ± 0a 65 ± 11bA  62 ± 6a 96 ± 9bAB  90 ± 11a 127 ± 25aB MS, LRIa,c,d,e 
1-ethylpyrrole I 1187 
 
- 36 ± 5AB  32 ± 7a 27 ± 3aA  35 ± 5a 42 ± 7aB MS 
1H-pyrrole I 1524 1523 90 ± 13a 207 ± 31bA  152 ± 24a 258 ± 28bAB  230 ± 28a 378 ± 79bB MS, LRIa,c,d,e 
1-ethyl-2-formyl pyrrole I 1626 
 
153 ± 6a 119 ± 9bA  137 ± 14a 107 ± 8bAB  122 ± 7a 100 ± 4bB MS 
1-methyl-1H-pyrrole-2-
carboxyaldehyde I 
1641 1628 720 ± 32a 693 ± 40aA 
 
533 ± 12a 523 ± 62aB 
 
343 ± 24a 309 ± 71aC MS, LRIa,b,d,e 
3-methylpyrrole 1734 
 
464 ± 21a 494 ± 8aA  375 ± 14 -  299 ± 22a 356 ± 23bB MS 
1-furfuryl pyrrole I 1842 1839 548 ± 32a 524 ± 1aAB  621 ± 44a 528 ± 29bA  525 ± 19a 460 ± 34bB MS, LRIa,e 
2-acetylpyrrole I 1989 1983 1140 ± 67a 1204 ± 99aA  1362 ± 141a 1344 ± 296aA  1175 ± 88a 1192 ± 426aA MS, LRIa,b,d,e 
1H-pyrrole-2-carboxyaldehyde 
I 
2047 2038 2483 ± 35a 2429 ± 97aA 
 
1900 ± 192a 1924 ± 432aA 
 
1236 ± 168a 1100 ± 297aB MS, LRIa,b,d,e 
2-formyl-5-methylpyrrole I 2127 
 
524 ± 62a 641 ± 67aA  914 ± 142a 965 ± 94aA  1293 ± 19a 1401 ± 189aB MS 
1-Furfuryl-2-formyl pyrrole I  2275 2254 284 ± 59a 345 ± 22aA  488 ± 26a 440 ± 93aA  359 ± 28a 269 ± 79aA MS, LRIe 
Total pyrroles 
  
6251 ± 257a 6459 ± 768aA  6577 ± 346a 6212 ± 781aA  5708 ± 236a 5733 ± 357aA 
 
Sulfur containing compounds 




   
2-methylthiophene I 1098 1103 - -  12 ± 4a 18 ± 2aA  20 ± 3a 28 ± 3bB MS, LRIc 
1,3-thiazole I  1260 1262 - 10 ± 2A  12 ± 7a 22 ± 14aAB  42 ± 9a 41 ± 14aA MS, LRId 
4-methyl thiazole I  1288 
 
15 ± 2a 39 ± 4bA  18 ± 5a 39 ± 6bA  18 ± 1a 42 ± 3bA MS 
2-furfurylthiol I      1442 
 
- 26 ± 4AB  29 ± 5a 50 ± 22aA  18 ± 9a 13 ± 3aB MS 
Furfuryl methyl sulfide I    1495 1506 57 ± 3a 56 ± 13aA  135 ± 31a 122 ± 25aB  191 ± 10a 190 ± 19aC MS, LRIc,d,e 
Dihydro-3-(2H)-thiophenone I 1579 
 





Table 4.2. (Continued) 
Compounds 
LRI FID peak area (104) 
Identification 
FFAP Ref 
Light roast  Medium roast  Dark roast 
LC LF  MC MF  DC DF 
2-acetyl-4-methylthiazole I 1711 
 
- 60 ± 11A  15 ± 3a 35 ± 6bB  23 ± 3a 33 ± 4bB MS 
2-formylthiophene I  1716 1679 183 ± 16a 264 ± 33bA  119 ± 18a 127 ± 23aB  56 ± 9a 60 ± 28aB MS, LRId 
3-ethyl-2-formylthiophene 1754 
 
261 ± 20a 220 ± 11b  - -  - - MS 
3-acetylthiophene I 1792 
 
74 ± 2a 49 ± 5bA  85 ± 12a 57 ± 1bAB  75 ± 4a 63 ± 1bB MS 
2-thiophene methanol I 1972 
 
- 148 ± 16A  - 124 ± 35A  78 ± 40a 50 ± 20aB MS 
Total sulfur compounds 
  
590 ± 7a 891 ± 28bA  438 ± 64a 609 ± 35bB  509 ± 40a 521 ± 37aC 
 
Terpenes            
Beta-myrcene I  1162 1167 73 ± 8a 46 ± 18a  51 ± 7 -  - - MS, LRIa,c 
Trans-beta-ocimene 1252 1256 54 ± 11a 56 ± 7a  37 ± 16 -  - - MS, LRIa,c 
Neo-alloocimene 1376  57 ± 6a 53 ± 6aA  38 ± 3a 34 ± 2aB  35 ± 23 - MS 
Linalool I 1547 1557 361 ± 8a 18 ± 9b  - -  - - MS, LRIa,c 
Total terpenes   545 ± 17a 173 ± 38bA  125 ± 18a 34 ± 2bB   35 ± 23 -  
Miscellaneous 




   
Styrene I 1264 1268 43 ± 4a 45 ± 1aA  28 ± 1a 28 ± 3aB  28 ± 8a 31 ± 5aB MS, LRIc 
Acetamide 1779 
 
- 91 ± 2A  98 ± 7a 123 ± 9bA  83 ± 61a 105 ± 60aA MS 
Maltol I 1989 2004 887 ± 157a 1019 ± 163aA  1288 ± 60a 1115 ± 222aA  1332 ± 136a 1063 ± 366aA MS, LRIb,c 
3,4-dimethoxystyrene  2050 
 
37 ± 13a 136 ± 33bA  162 ± 55a 161 ± 23aA  150 ± 81a 142 ± 77aA MS 
4H-pyran-4-one, 2,3-dihydro-
3,5-dihydroxy-6-methyl- I 




- - MS, LRIb 
Ethyl phthalate 2390 
 
37 ± 14a 22 ± 8a  - -  - 
 
MS 
Indole I 2475 2476 64 ± 9a 112 ± 18bA  107 ± 18a 151 ± 12bA  166 ± 48a 215 ± 31aB MS, LRIc,e 
3-methyl indole I 2522 
 
15 ± 3a 26 ± 6aA  28 ± 5a 44 ± 9aB  39 ± 2a 57 ± 1bB MS 
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Table 4.2. (Continued) 
Compounds 
LRI FID peak area (104) 
Identification 
FFAP Ref 
Light roast  Medium roast  Dark roast 
LC LF  MC MF  DC DF 
Total peak area 
  
92002 ± 2004a 86055 ± 3271aA  83864 ± 851a 81218 ± 1432aA  71572 ± 973a 71585 ± 2200aB 
 
ICompounds reported in Flament (2002); LC = Light roasted unfermented coffee; LF = Light roasted fermented coffee; MC = Medium roasted unfermented coffee; MF = 
Medium roasted fermented coffee; DC = Dark roasted unfermented coffee; DF = Dark roasted fermented coffee. Identification method: MS= mass spectrum; LRI=Linear 
Retention Indices obtained from references or literature values (LRIa referred to the values in Mondello et al. (2005), LRIb referred to the values in Moon and Shibamoto (2009), 
LRIc referred to the values in Nebesny, Budryn, Kula, and Majda (2007), LRId referred to the values in Gonzalez-Rios et al. (2007b), and LRIe referred to the values in Lopez-
Galilea et al. (2006)); “-“= undetected. Mean values with different letters (a-b) in the same row within the light, medium and dark roasted coffee beans samples indicate 
statistical differences at the 0.05 level (p < 0.05). Mean values with different letters (A-C) in the same row among the light, medium and dark roasted fermented coffee beans 




Nevertheless, the observed trend was not consistent among all of the 
furans detected. As the roast degree increased, the levels of 2-methylfuran, 2-
acetylfuran and furfuryl acetate increased while the levels of furfural and 5-
methylfurfural decreased, which could point to a certain extent of inter-
conversion between the respective furan compounds as well as furan formation 
from other caramelization pathways as roasting proceeded. Similarly, the levels of 
furanones and sulfur-containing compounds decreased when roast degree 
increased. This could be attributed to the labile nature of these compounds 
(Grosch, 2001; McGorrin, 2011) which increased their susceptibility towards 
degradation or thermal oxidation at higher roast degrees. Acids, alkanes and 
terpenes were the remaining classes of compounds whose levels decreased as 
roast degree increased.  
On the other hand, the overall levels of alcohols, phenols, and pyrroles 
remained unchanged while carbonyls, esters and pyridines levels increased with 
increasing roast degrees. Even though the overall phenol levels remained 
unchanged as roast degree increased, it was only representative of the net effect of 
changes in the amounts of individual phenolic compounds. The peaking and 
decrease of p-vinylguaiacol levels at medium and dark roast levels respectively, 
coupled with the increase in guaiacol levels as roast degree increased were 
consistent with the evolution of volatile phenolic compounds at different stages of 
roasting determined via headspace analysis (Dorfner et al., 2003). Such 
observations could be explained by the conversion of p-vinylguaiacol formed 
during the initial stages of roasting into guaiacol as roasting proceeded.  
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4.3.3 Changes of the volatile profiles of roasted coffees after fermentation 
A total of 4 acids, 2 alcohols, 2 alkanes, 21 carbonyls, 5 esters, 27 furans, 
5 furanones, 7 phenols, 26 pyrazines, 6 pyridines, 11 pyrroles, 11 sulfur-
containing compounds and 4 terpenes were identified from the headspaces of the 
light, medium and dark roasted fermented and unfermented coffee samples (Table 
4.2). Even though there were no significant changes to the total volatile levels of 
light, medium and dark roasted coffees following R. oligosporus fermentation, 
changes to the levels of volatile compounds in the respective classes were 
observed.  
From Table 4.2, one notable observation was the increase in the total 
pyrazines levels of roasted coffee following R. oligosporus fermentation that was 
evident in each degree of roast. However, the extent of the increase in pyrazines 
levels diminished with increasing degrees of roast. Furthermore, the higher levels 
of total pyrazines in fermented roasted coffees of the respective roast degrees 
were mainly attributed to the increase in the amounts of pyrazine, 2-
methylpyrazine and 2-ethylpyrazine where the relative amounts were 1.7-, 1.5- 
and 1.3-fold higher than the roasted unfermented coffee samples respectively. 
Alkyl-substituted pyrazines contributed significantly to the nutty and roasty 
attributes of coffee aroma (Hwang, Hartman, & Ho, 1995).  
Maillard reaction is the main pathway responsible for pyrazines formation, 
with reducing sugars and amino acids being important aroma precursors. Despite 
the decrease in the concentrations of hexose sugars (sucrose, fructose and glucose) 
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in green coffee beans following fermentation (Table 3.2 in Chapter 3), the 
formation of pyrazines and melanoidins, the latter being responsible for darkening 
of coffee beans in Maillard reaction, was not hindered. Such an observation could 
be explained by the generation of other reducing sugars such as pentoses (not 
determined in this study) from the thermal degradation of arabinogalactans and 
mannose from mannans, which in turn participated in Maillard reaction during 
roasting. 
The higher levels of the above pyrazine derivatives detected in roasted 
fermented coffee samples could also be attributed to the increase in the 
concentrations of amino acids such as phenylalanine, aspartic and glutamic acids 
in green coffee following R. oligosporus fermentation (Table 3.3 in Chapter 3). 
Numerous studies have shown that the yield and type of pyrazines formed in 
Maillard reaction were influenced by the type of the nitrogen source (free 
ammonia or nitrogen-bound amino acids). For instance, the yield of 2-
methylpyrazine was found to increase significantly in the presence of nitrogen 
sources such as ammonia, glutamic and aspartic acids, together with sugar 
precursors like pentoses (Hwang et al., 1995; Koehler, Mason, & Newell, 1969). 
Therefore, modulation of the amino acid profile of green coffee beans caused by 
R. oligosporus fermentation, together with the possible involvement of pentoses 
in Maillard reaction during roasting, would bring about significant increases in the 
levels of alkyl-substituted pyrazines such as 2-methylpyrazine in fermented coffee 
samples after roasting. 
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Another notable observation was the significant increase in 4-vinylphenol 
that was apparent in light, medium and dark roasted coffees and the significant 
increase in p-vinylguaiacol that was observed only in light roasted coffee 
following R. oligosporus fermentation. This showed that some extent of the 
effects of R. oligosporus fermentation on the volatile profiles of green coffee 
beans (Table 3.1 in Chapter 3) was retained after roasting. In addition, the 
increase in p-vinylguaiacol induced by R. oligosporus fermentation in light 
roasted coffee was twice that of green coffee. This suggested a larger extent of 
thermal degradation of polyphenols in fermented coffees to form 
hydroxycinnamic acids aroma precursors like ferulic acid during roasting, given 
that the latter were metabolized during R. oligosporus fermentation. However, 
similar to pyrazine-derivatives, the effects of R. oligosporus fermentation 
diminished with increasing roast degrees.  
Methyl and ethyl palmitate, which had been reported to give rise to fruity 
attributes (Kesen, Kelebek, & Selli, 2014), were only detected at medium and 
dark roast levels and their levels were not influenced by the degree of roast. 
Interestingly, the level of methyl palmitate in roasted coffee increased after R. 
oligosporus fermentation while ethyl palmitate was only detected in fermented 
roasted coffees; the latter was consistent with that of green coffee where ethyl 
palmitate was detected exclusively in fermented green coffee. This highlighted 
the preservation of the effects of R. oligosporus fermentation after roasting. 
Furthermore, this also showed that R. oligosporus fermentation could have a 
desirable impact on coffee aroma since coffees that were characterized with fruity 
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attributes attained from esters were considered to be of better aroma quality 
(Gonzalez-Rios et al., 2007b).  
The total furanones levels in light, medium and dark roasted fermented 
coffees were 50% lower than the respective unfermented coffees. The main 
avenues of furanones formation were Maillard reaction and sugar fragmentation 
(Blank, Fay, Lakner, & Schlosser, 1997). Therefore, the decrease in furanones 
levels could be attributed to the metabolism of reducing sugars during R. 
oligosporus fermentation which led to the decrease in the concentrations of sugar 
aroma precursors. 
However, at light roast degree, the levels of 4-hydroxy-2,5-dimethyl-3-
furanone (4-HDMF) remained statistically unchanged (p>0.05) despite the 
significant decreases in the levels of other furanones such as dihydro-2-methyl-
3(2H)-furanone, 2,5-dimethyl-3(2H)-furanone, 3,4-dimethyl-2,5-furandione and 
2-ethyl-3-methyl maleic anhydride that were observed following R. oligosporus 
fermentation. 4-HDMF is a potent odorant of roasted coffee which gives rise to 
caramelic attributes. Such an observation could possibly be explained by the 
formation of 4-HDMF via other aroma precursors. For instance, its formation had 
been documented in pentose/glycine systems (Blank et al., 1997). 
The levels of 2-furfurylthiol, which gives rise to the coffee-like attribute, 
remained unchanged at medium and dark roast levels following R. oligosporus 
fermentation while at light roast level, it was only detected in fermented coffee 
sample. As cysteine concentrations in green coffee beans were not influenced 
91 
 
after fermentation, sulfur compounds formation was not hindered. Furthermore, 
this suggested that coffee aroma at different roast levels was not impaired after R. 
oligosporus fermentation. 
Another noteworthy observation was that the effects of R. oligosporus 
fermentation were more prevalent at light roast level compared to dark and 
medium roast levels which was synonymous with the results presented by 
Gonzalez-Rios et al. (2007b). Roasting effects became increasingly dominant as 
the degree of roast increased, causing the extent of the effects of the fermentation 
to diminish. Therefore, the volatile profile changes brought about by R. 
oligosporus fermentation (Table 4.2) could be better accounted for by evaluating 
the non-volatile profiles of light roasted fermented and unfermented coffees. 
4.3.4 Changes of the non-volatile profiles after fermentation at light roast 
Table 4.3 shows the effects of R. oligosporus fermentation on the 
concentrations of organic, phenolic and amino acids present in light roasted coffee. 
The concentrations of chlorogenic, citric and quinic acids in light roasted blank 
coffee beans were consistent with the levels reported in the literature (Tfouni et al., 
2012; van der Stegen & van Duijn, 1987). However, higher levels of malic and 
succinic acids were detected in this study, which could be attributed to differences 
in the varieties, post-harvest processing methods and roast degrees of coffees. 
After roasting, the decrease in citric acid concentrations, accompanied by the 
increase in succinic concentrations, was consistent with studies showing that 
succinic acid was one of the by-products of citric acid degradation (Balzer, 2001). 
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The higher levels of free p-coumaric acid in light roasted coffees compared to 
ferulic and caffeic acids could be explained by the higher susceptibility of di-
substituted hydroxycinnamic acids (ferulic and caffeic acids) towards thermal 
degradation during roasting as opposed to mono-substituted hydroxycinnamic 
acids like p-coumaric acid (Homma, 2001). 
As shown in Table 4.3, the total free amino acids concentration in light 
roasted fermented coffee was significantly higher than unfermented coffee which 
was attributed to the presence of ammonia in the former. Besides ammonia, only 
glycine and valine were detected in light roasted coffee samples, with the 
remaining amino acids lost through Maillard reactions and other pyrolytic 
reactions during roasting. The detection of glycine in light roasted coffee samples 
could possibly be explained by its partial regeneration from the condensation 
products of Maillard reaction (van Boekel & Martins, 2002). 
Since the concentrations of phenylalanine, proline, alanine, aspartic and 
glutamic acids were significantly higher in green fermented coffee (Table 3.3 in 
Chapter 3), the absence of these amino acids in light roasted fermented and 
unfermented samples would indicate that higher concentrations were lost via 
Maillard reactions and other pyrolytic pathways during roasting for the fermented 
coffee sample. Similarly, the extent of ammonia degradation was also greater in 
fermented coffee sample.  
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Table 4.3. Effects of R. oligosporus fermentation on the organic, phenolic and 
amino acids of light roasted coffee beans 
Compounds Blank Unfermented Fermented 
Organic acids, mg/g dry wt.    







 Malic acid 6.32 ± 0.13
a
 2.74 ± 0.37
b
 Trace 
 Quinic acid 16.83 ± 0.18
a
 9.68 ± 0.69
b
 10.38 ± 0.39
b
 
 Succinic acid 22.02 ± 0.23
a
 20.72 ± 1.47
ab
 18.28 ± 1.78
b
 
 Lactic acid Trace Absent  2.21 ± 0.26 
 Acetic acid Trace Trace Trace 
 
Total 53.59 ± 0.36
a
 37.54 ± 0.79
b
 35.22 ± 1.62
b
 
Phenolic acids, mg/g dry wt.    
 Chlorogenic acid 7.69 ± 0.64
a
 7.56 ± 0.58
a
 6.89 ± 1.33
a
 
 Caffeic acid 0.01 ± 0.00
a
 0.01 ± 0.00
a
 0.01 ± 0.00
a
 
 p-coumaric acid 0.21 ± 0.01
a
 0.28 ± 0.03
b
 0.25 ± 0.01
ab
 
 Ferulic acid Trace 0.01 ± 0.00
a
 0.01 ± 0.00
a
 
 Sinapic acid 0.02 ± 0.00
a
 0.02 ± 0.00
b
 0.01 ± 0.00
b
 
 Total 7.93 ± 0.64
a
 7.88 ± 0.57
a
 7.18 ± 1.33
a
 
Amino acids, mg/kg dry wt.    
 Asp - - - 
 Ser Asn - - - 
 Glu - - - 
 Gly 66.86 ± 3.12
a
 47.15 ± 1.87
b
 45.89 ± 5.71
b
 
 His Gln - - - 
 NH3 Trace Trace 16.14 ± 3.35 
 Arg - - - 
 Thr - - - 
 Ala - - - 
 Pro - - - 
 Cys - - - 
 Tyr - - - 
 Val Trace Trace Trace 
 Lys - - - 
 Ile - - - 
 Leu - - - 
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Table 4.3. (Continued) 
Compounds Blank Unfermented Fermented 
 Phe - - - 
 Trp - - - 
 Total 66.86 ± 3.12
a
 47.15 ± 1.87
b
 62.02 ± 8.91
a
 
Mean values with different letters (a-b) in the same row indicate statistical 
differences at the 0.05 (p<0.05) level; -, not detectable (concentration below 
LOD); trace, concentration below LOQ; blank, commercially purchased green 
and roasted coffee beans from the same batch. 
 
From model studies, phenylalanine and aspartic acids had been shown to 
be strong contributors to total pyrazine levels in Maillard reaction (Hwang et al., 
1995). On the other hand, ammonia contributed heavily to pyrazine yields through 
the reaction of free ammonia with reducing sugars (Koehler et al., 1969) while 
alanine, glutamic and aspartic acids were found to strongly influence the 
formation of alkyl-substituted pyrazines such as 2-methylpyrazine and 2-
ethylpyrazine (Fujimaki, Tajima, & Kato, 1972; Koehler et al., 1969). Therefore, 
the higher levels of pyrazines, alkyl-substituted pyrazines in particular, detected in 
light roasted fermented coffee compared to unfermented sample (Table 4.2) were 
consistent with the greater loss of the above amino acids from the former during 
roasting. 
From Table 4.3, the yield of quinic acid in the respective light roasted 
coffee samples could not account for the total loss of chlorogenic acids during 
roasting. This was substantiated by studies showing that, besides quinic acid, 
stereoisomers of quinic acids or quinides were also generated from the thermal 
degradation of chlorogenic acids (Scholz & Maier, 1990) while chlorogenic acids 
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could also undergo isomerization (Trugo & Macrae, 1984) at the initial stages of 
roasting. 
One notable observation was that despite the significant differences in the 
extent of chlorogenic acid degradation (blank > unfermented > fermented), the 
extent of quinic acid formation among the respective coffee samples after light 
roasting was relatively similar. The significantly higher levels of quinic acid in 
light roasted blank coffee compared to fermented and unfermented coffees would 
be attributed to its higher initial concentration prior to roasting (Table 3.2 in 
Chapter 3). Furthermore, the initial concentrations of chlorogenic acids in the 
respective green coffee samples did not influence quinic acid formation after light 
roasting. This could suggest that at low chlorogenic acid concentrations, the 
hydrolysis of chlorogenic acid to form quinic acid might be more favorable 
compared to other possible reaction pathways during roasting. 
By comparing the caffeic acid concentrations in the respective green 
(Table 3.2 in Chapter 3) and light roasted coffees, the extent of caffeic acid 
degradation was observed to be greater in unfermented coffees than in fermented 
coffees, given the similar extent of caffeic acid formation from chlorogenic acid 
hydrolysis that was expected. Even though caffeic acid degradation during 
roasting had been shown to contribute to the formation of volatiles such as phenol, 
furfuryl alcohol, 2-methylpyrazine and pyridine (Moon & Shibamoto, 2009) via 
different pyrolytic pathways, these volatiles were found at higher levels in 
fermented coffee samples (Table 4.2). This would suggest the occurrence of other 
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reaction pathways promoted by roasting at high temperatures that could have 
contributed to the formation of these compounds. 
The thermal degradation of ferulic acid during roasting gives rise to 
guaiacol derivatives such as p-vinylguaiacol. It was observed that the increase in 
p-vinylguaiacol levels in fermented coffee samples after roasting was 
approximately two-fold greater than unfermented coffee samples. Given the low 
concentrations of free ferulic acid in green fermented and unfermented coffees 
prior to roasting, the higher levels of p-vinylguaiacol detected in the former could 
be attributed to a higher extent of polyphenolic compounds degradation in 
fermented samples as well as the conservation of the effects of green coffee bean 
fermentation by R. oligosporus. 
Based on Table 4.3, it was observed that lactic acid was only detected in 
light roasted fermented coffee and not in unfermented coffee. Furthermore, a 
comparison of the lactic acid concentrations of green and light roasted coffees 
(fermented and unfermented) showed decreases in concentrations following 
roasting. Lactic acid contributes to the acidity of roasted coffee and its 
concentration is affected by formation and degradation pathways that occur 
during roasting. The thermal degradation of sucrose had been shown to promote 
lactic acid formation (Wei, Furihata, Koda, Hu, Miyakawa, & Tanokura, 2012) 
while at the same time, lactic acid was thermally degraded as roasting proceeded. 
The decrease in lactic acid concentrations for both fermented and unfermented 
coffees after roasting could arise from the higher extent of degradation compared 
to formation given the lower sucrose concentration present in both green coffee 
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samples prior to roasting. In addition, the presence of lactic acid in light roasted 
fermented coffee could be due to the higher concentration of lactic acid present in 
the corresponding green fermented coffee. 
4.3.5 Changes of the antioxidant activities after fermentation at light roast 
Table 4.4 shows the total polyphenol content and DPPH scavenging 
activities of light roasted blank, unfermented and fermented coffee beans. Both 
Folin-Ciocalteu and DPPH assays, which are generally electron-transfer based 
assays, were consistent in evaluating the effects of R. oligosporus fermentation on 
the antioxidant activities of coffee beans after roasting. 
Table 4.4. Effects of R. oligosporus fermentation on the antioxidant activities of 
light roasted coffee beans 
Antioxidant assay type Blank Unfermented Fermented 
Folin Ciocalteu (mg Ga/g) 26.40 ± 4.29
a
 20.85 ± 1.51
a
 20.65 ± 0.56
a
 
DPPH (mg trolox/g) 53.11 ± 4.76
a
  45.61 ± 2.58
a
 46.43 ± 2.54
a
 
Mean values with different letters (a-b) in the same row indicate statistical 
differences at the 0.05 (p<0.05) level; Blank-commercially purchased green 
coffee beans from the same batch. 
 
By comparing the antioxidant activities of green and light roasted coffees, 
both assays measured a decrease in the antioxidant activities of coffee beans after 
roasting. This could be explained by the degradation of chlorogenic acids, along 
with other non-volatile phenolic derivatives, which are major contributors to the 
antioxidant activities of green coffees, during roasting (Farah, Monteiro, 
Donangelo, & Lafay, 2008). As shown in Table 4.4, there were no significant 
differences in the total polyphenol content and DPPH scavenging activities among 
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the light roasted blank, unfermented and fermented coffee beans. Such an 
observation would be consistent with the similar concentrations of non-volatile 
phenolic compounds detected in the respective light roasted coffee samples. It 
was also observed that the decrease in the total polyphenol content of green coffee 
beans brought about by R. oligosporus fermentation (Table 3.4 in Chapter 3) was 
not preserved after roasting. 
4.3.6 Sensory evaluation of coffee extracts 
The aroma profiles of the coffee extracts were evaluated based on nine 
prevalent attributes of coffee aroma on a predefined scale. Comparison of the 
aroma profiles of blank, unfermented and fermented coffees among the respective 
roast degrees (Figs. 4.1-4.3) revealed that the effects of R. oligosporus 
fermentation were more prominent at light and dark roast levels and least 
prominent at medium roast level. The differentiation of aroma profiles of coffees 
at light and dark roast levels was attributed to the higher extent of preservation of 
fermentation effects in the former and the higher extent of fermentation effects on 


















































































Distinct aroma profile differences were observed between unfermented 
and fermented coffees of light and dark roast levels. Interestingly, R. oligosporus 
fermentation led to an increase in ‘sweet’ attribute for both light and dark roasted 
coffees whereas other fermentation effects were more roast degree specific. The 
former could be partly explained by the higher levels of β-damascenone, typically 
characterized with fruity and sweet attributes (Flament, 2002) in light roasted 
fermented coffees and the higher levels of esters detected in dark roasted 
fermented coffees. Furthermore, the higher concentrations of alanine, proline and 
aspartic acid in green coffee beans following R. oligosporus fermentation (Table 
3.3 in Chapter 3) could also account for these observations as they have been 
found to give rise to sweet attribute following Maillard reaction in model systems 
(Wong et al., 2008).  
The increase in sweet and caramelic attributes coupled with the decrease 
in sulfury and smoky notes following fermentation resulted in light roasted 
coffees which had a more favorable aroma profile compared to unfermented 
coffees. On the other hand, dark roasted fermented coffees were more sweet, 
spicy and less roasty compared to unfermented coffees which showed that a 
milder coffee aroma profile at dark roast level could be obtained with R. 
oligosporus fermentation. Conversely, the aroma profiles of unfermented and 
fermented coffees were generally similar at medium roast level as the higher 
extent of roasting could have negated the effects of R. oligosporus fermentation 
exhibited at light roast level. 
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4.4 Conclusions  
This chapter showed that green coffee bean fermentation by R. 
oligosporus led to the modulation of the volatile profiles of light, medium and 
dark roasted coffees. Following R. oligosporus fermentation, the increases in the 
levels of 4-vinylphenol and alkyl-substituted pyrazines were evident at each roast 
degree. On the other hand, higher levels of p-vinylguaiacol were only detected in 
light roasted fermented coffee while ethyl palmitate was detected exclusively in 
medium and dark roasted fermented coffees. The volatile profiles of light roasted 
coffees were influenced by both changes to the aroma precursors which altered 
coffee aroma formation during roasting (higher extent of amino acid degradation 
during roasting) and the retention of fermentation-induced volatile profiles 
changes of green coffee after roasting. Light and dark roasted fermented coffees 
were being ranked with higher scores for ‘sweet’ attribute in addition to other 
aroma profile differences which were roast degree specific. 
This is the first study in which the fermentation of commercially-
purchased green coffee beans with a common food-grade fungus (R. oligosporus) 
was explored for coffee aroma modulation. Given the rise in consumers’ interest 
towards unique food products or food products processed via novel avenues like 
civet-cat and black ivory coffees, such a form of processing should be explored 




CHAPTER 5  
MODULATION OF THE VOLATILE AND NON-VOLATILE 
PROFILES OF COFFEE FERMENTED WITH YARROWIA 
LIPOLYTICA: I. GREEN COFFEE 
5.1 Introduction  
The yeast fermentation of different coffee substrates has been documented 
to induce coffee aroma modulation. Aqueous coffee extracts fermented by S. 
cerevisiae, K. lactis and P. anomala were found to possess fruity and floral notes 
as a consequence of the conversion of 2-, 3-methylbutanal to their corresponding 
alcohols and thiols to their respective S-thioacetates during fermentation (Duboc 
& Milo, 2003).  
The use of indigenous yeast starter cultures like P. fermentans in coffee 
fermentation during the post-harvest wet processing of coffee cherries gave rise to 
coffees with novel and distinctive aroma profiles (de Melo Pereira, Neto, Soccol, 
Medeiros, Woiciechowski, & Soccol, 2015). This shift towards the use of yeast 
starter cultures instead of relying on naturally occurring microflora like 
pectinolytic yeasts (Masoud et al., 2004) in coffee fermentation not only provides 
greater control and consistency, it also allows the selection of yeast species with 
desirable features such as exhibiting strong pectinolytic activity and volatile 
metabolites production.   
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In chapters 3 and 4, the fermentation of green coffee beans with a food 
grade mold R. oligosporus significantly modified the volatile profile and aroma 
precursors of green coffee beans which corresponded to significant changes in the 
volatile and aroma profiles of roasted coffees. Compared to molds, yeasts exhibit 
different metabolic processes, producing a diverse array of volatile compounds 
such as alcohols, acids, aldehydes, esters, volatile phenolic and sulfur compounds, 
and may secrete different types of extracellular enzymes during fermentation. 
This suggests that fermenting green coffee beans with suitable yeast species 
would modify the aroma precursors and volatile profiles of green coffee beans 
differently and thereby, promoting different extents of coffee aroma modulation 
after roasting. 
The non-conventional (non-Saccharomyces) yeast Y. lipolytica has been 
found to exhibit strong proteolytic and lipolytic activities which influenced the 
organoleptic and textural characteristics of dairy products like cheeses (Lanciotti, 
Vannini, Lopez, Gobbetti, & Guerzoni, 2005) as well as possess unique metabolic 
pathways such as hydrophobic substrate metabolism (Fickers et al., 2005). The 
strong lipolytic activity would account for the generation of aroma compounds 
such as methyl ketones and free fatty acids in addition to volatile sulfur 
compounds like dimethyl disulfide and dimethyl trisulfide that were also detected 
from Y. lipolytica fermentation (Sørensen, Gori, Petersen, Jespersen, & Arneborg, 
2011).   
Therefore, the objective of this chapter was to conduct SSF of green 
coffee beans using Y. lipolytica with the aim of altering the composition of aroma 
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precursors and production of volatile metabolites during fermentation. The effects 
of Y. lipolytica fermentation were evaluated by characterizing the volatile and 
non-volatile profiles of green coffee beans after fermentation. Similar to R. 
oligosporus fermentation, it was hypothesized that Y. lipolytica would promote 
the hydrolysis of coffee lipids, proteins and polysaccharides, leading to the 
modification of aroma precursors in green coffee beans which would alter the 
products of thermal reactions (caramelization, pyrolysis and Maillard reaction) 
occurring during roasting. The fermentation-induced aroma precursor 
modification, in addition to the production of volatile compounds that are 
characteristic of Y. lipolytica during fermentation, could potentially correspond to 
coffee aroma modulation after roasting.    
5.2 Materials and methods 
5.2.1 Green coffee beans, yeast strain and chemicals  
The green coffee beans, solvents, chemical reagents and the respective 
reference standards used in this study can be found in sections 3.2.1 and 3.2.2 in 
Chapter 3. A freeze-dried culture of food-grade Y. lipolytica NCYC 2904 was 
purchased from the National Collection of Yeast Cultures (NCYC) (Norwich, 
UK). 
5.2.2 SSF of green coffee beans  
Pure cultures were prepared by propagating a freeze-dried Y. lipolytica 
culture in sterile yeast malt (YM) broth (0.5% w/v bacteriological peptone, 0.3% 
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w/v yeast extract, 0.3% malt extract and 1% w/v dextrose) adjusted to pH 5.0 with 
1 M hydrochloric acid at 30 °C for 48 h under aerobic conditions and stored in 15% 
glycerol at -80 °C prior to use. Pre-cultures, with cell counts of approximately 107 
CFU/ml, were prepared by further sub-culturing twice (5% v/v) under similar 
media and conditions. Y. lipolytica cells were obtained via centrifugation at 8,000 
× g, washed twice and re-suspended in equivolumes of 100 mM phosphate buffer 
saline (PBS) solution. 
The methodology employed for the SSF of green coffee beans with Y. 
lipolytica was identical to that of R. oligosporus fermentation (section 3.2.3 in 
Chapter 3) with the exception of the fermentation parameters. Y. lipolytica was 
inoculated at an inoculum size of approximately 10
5
 CFU/g of green coffee beans 
and the inoculated green coffee beans were incubated at 30 °C for 4 days. 
5.2.3 Volatile and non-volatile profile analysis  
The volatile profiles of fermented and unfermented green coffee beans 
were analyzed via HS-SPME-GC-MS/FID with HS-SPME parameters and GC-
MS/FID conditions that could be found in section 3.2.4 in Chapter 3. 
The methodologies employed for non-volatiles (sugars, phenolic, organic 
and amino acids) extraction and analysis as well as the antioxidant assays (Folin-
Ciocalteu and DPPH assays) utilized could be found in section 3.2.5 in Chapter 3. 
For Folin-Ciocalteu and DPPH assays, phenolic extracts were diluted 1000-fold 
and 800-fold, respectively.   
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5.3 Results and discussion  
5.3.1 Screening of yeast strains for green coffee bean fermentation 
Geotrichum candidum and Y. lipolytica were screened on their suitability 
for green coffee bean fermentation based on the extent of modulation of the 
volatile profile of green coffee beans induced. The volatile profiles of green 
coffee beans fermented by Y. lipolytica for 4 and 5 days and G. candidum for 4 
and 7 days were evaluated via HS-SPME-GC-MS/FID (results not shown). Whilst 
G. candidum fermentation mainly resulted in the production of fusel alcohols and 
volatile phenols from amino and phenolic acids metabolism respectively, changes 
in the aldehydes, alkanes, ketones and volatile acids levels were observed from Y. 
lipolytica fermentation, in addition to the aforementioned changes. Consequently, 
Y. lipolytica was selected on the basis of its extensive, complex and unique 
metabolic processes that occurred during fermentation.  
5.3.2. Effects of Y. lipolytica fermentation on volatile profiles of green coffee 
beans 
The volatile profile of green coffee beans was found to have a significant 
effect on the aroma quality of roasted coffee (Lee & Shibamoto, 2002). These 
volatile compounds were either formed naturally in green coffee beans or during 
post-harvest processing such as mucilage removal, drying and storage (Gonzalez-
Rios et al., 2007a). A comparison of the volatile profiles of fermented and 
unfermented green coffee beans revealed 105 compounds consisting of acids, 
alcohols, aldehydes, alkanes, alkenes, aromatics, esters, furans, furanones, ketones, 
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lactones, phenols, pyrazines, pyridines, pyrroles, sulfur-containing compounds 
and terpenes. Their respective GC-FID peak areas are represented in Table 5.1. 
Despite the lack of significant difference in total volatile levels after fermentation, 
changes in the levels of the respective classes of compounds were observed. 
One notable observation was the decrease in volatile acids, alkanes and 
aldehydes levels which was attributed to decreases in the levels of compounds 
within the respective classes such as hexanoic, nonanoic acids, dodecane, 
tridecane, 3-methylbutanal and 2-phenylethanal. Such observations could be 
explained by the hydrophobic substrate metabolizing pathways that are unique to 
Y. lipolytica. During fermentation, alkanes and aldehydes act as fatty acids 
precursors which undergo hydroxylation and oxidation reactions upon 
assimilation into the cells (Fickers et al., 2005). The fatty acids generated, along 
with those that were assimilated from the fermentation matrix, could either 
undergo further peroxisomal β-oxidation to yield acetyl-CoA or be re-esterified 
into triglycerides for storage within the cells (Harzevili, 2014). In the former, the 
acetyl CoA generated could subsequently enter the tricarboxylic acid (TCA) cycle 
for adenosine triphosphate (ATP) production via oxidative phosphorylation or 




Table 5.1. Effects of Y. lipolytica fermentation on the volatile profiles of green 
coffee beans 
Compounds 




FFAP Ref. Unfermented Fermented 
Acids      







Isobutyric acid 1566  4 ± 2
a
 17 ± 4
b
 MS 
Pentanoic acid 1667 1725 278 ± 102
a





3-methyl-2-butenoic acid 1799  34 ± 14
a
 44 ± 16
a
 MS 
Hexanoic acid 1843 1848 149 ± 13
a





Heptanoic acid 1950  18 ± 10 - MS 
Octanoic acid 2057  5 ± 1
a
 4 ± 1
a
 MS 
Nonanoic acid 2164  121 ± 10
a
 73 ± 19
b
 MS 
Benzoic acid 2451 2430 107 ± 7
a





Total acids   1299 ± 63
a
 843 ± 168
b
  
Alcohols      
1-phenylmethanol 1895 1874 64 ± 5
a







1936 1903 387 ± 24
a





Total alcohols   451 ± 21
a
 756 ± 81
b
  
Aldehydes      
3-methylbutanal
I
 -  137 ± 28
a





 1086 1087 88 ± 51
a





Octanal 1286  - 64 ± 33 MS 
Nonanal
I
 1393 1391 61 ± 8
a







 1435  43 ± 15
a





 1540 1514 270 ± 72
a







 1656  582 ± 71
a
 280 ± 16
b
 MS 
Dodecanal 1712  32 ± 11
a





 1823  18 ± 2
a





 2599 2564 19 ± 5
a





Total aldehydes   1249 ± 220
a
 750 ± 11
b
  
Alkanes      
Dodecane 1193  16 ± 1 - MS 
Tridecane 1296  35 ± 5 - MS 
Tetradecane 1397  79 ± 17
a
 92 ± 11
a
 MS 
Pentadecane 1498  58 ± 8
a
 32 ± 14
b
 MS 
Hexadecane 1599  11 ± 2
a
 23 ± 13
a
 MS 
Total alkanes   200 ± 19
a
 147 ± 31
b
  
Alkenes      
1-acetyl-2-
methylcyclopentene 
1250  - 13 ± 6 MS 
cis,trans-1,3,5-undecatriene 1387  - 9 ± 2 MS 
2,5-dimethyl-1,4-hexadiene 1518  - 19 ± 4 MS 
Total alkenes   - 42 ± 5  
Aromatics      
Toluene
I
 1044 1031 51 ± 15
a






 1121 1125 14 ± 4
a





1,3-dimethylbenzene 1133 1132 6 ± 1
a





1,2-dimethylbenzene 1138  23 ± 8
a





 1218  - 3 ± 0 MS 
Styrene
I
 1258  302 ± 72
a
 346 ± 154
a
 MS 
2-phenylpropene 1331  - 72 ± 10 MS 
1,2-dimethyl-4-
ethylbenzene 
1364  - 8 ± 4 MS 
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Table 5.1. (Continued) 
Compounds 




FFAP Ref. Unfermented Fermented 
1,2-dimethoxybenzene 1733  16 ± 8
a
 13 ± 5
a
 MS 
Total aromatics   412 ± 95
a
 509 ± 142
a
  
Esters      
Hexyl 2-methyl butyrate 1422  - 12 ± 7 MS 
Hexyl 3-methylbutanonate 1441  26 ± 5
a





 1795  90 ± 42
a
 13 ± 5
b
 MS 
Methyl palmitate 2215  123 ± 41
a
 176 ± 5
a
 MS 
Ethyl linoleate 2494  - 4 ± 2 MS 
Total esters   240 ± 75
a
 231 ± 11
a
  
Furans      
2-pentylfuran
I
 1222 1229 171 ± 74
a







 1475 1457 685 ± 147
a







 1518  34 ± 3 - MS 
5-methyl-2-furfural
I
 1589 1565 116 ± 26
a







 1669 1664 168 ± 26
a





5-(hydroxymethyl)furfural 2529 2505 17 ± 6
a





Total furans   1192 ± 273
a
 511 ± 82
b
  
Furanones      
2(5H)-furanone 1779  13 ± 4
a
 16 ± 6
a
 MS 
5-methyl-2(5H)-furanone 1919  8 ± 2
a
 3 ± 1
b
 MS 
Total furanones   21± 5
a
 19 ± 6
a
  
Ketones      
2,3-butanedione
I
   125 ± 11
a





 1290 1282 220 ± 72
a





2,3-octanedione 1323  20 ± 9 - MS 
3-octen-2-one
I 
 1410  - 7 ± 2 MS 
1-(acetyloxy)-2-propanone 1468  101 ± 20
a
 47 ± 10
b
 MS 
2-methyl-3-pentanone 1531  24 ± 3 - MS 
1-(acetyloxy)-2-butanone 1536  59 ± 31 - MS 
3,5-octadien-2-one
I
 1581  13 ± 3
a





2127  30 ± 4
a
 29 ± 3
a
 MS 
Total ketones   592 ± 62
a
 1409 ± 322
b
  
Lactones      
γ-butyrolactoneI  1648 1607 119 ± 40a 167 ± 7a MS, LRIa 
γ-hexanolactone 1719  18 ± 7a 11 ± 6a MS 
γ-nonanolactoneI 2047  100 ± 12a 69 ± 10b MS 
Total lactones   237 ± 49
a
 246 ± 19
a
  
Phenols      
Guaiacol 1871 1859 7 ± 1
a







 2013 1998 94 ± 10
a





4-ethylguaiacol 2040 2015 6 ± 2
a







 2091  - 18 ± 10 MS 
3-methylphenol
I
 2099  14 ± 3
a





 2211 2185 560 ± 66
a





2,4-di-tert-butylphenol 2307  9 ± 1
a





 2407  28 ± 2
a
 70 ± 18
b
 MS 
Total phenols   717 ± 58
a
 1082 ± 73
b
  
Pyrazines      
Pyrazine 1222  17 ± 6 - MS 
2-methylpyrazine
I
 1275  842 ± 209
a





 1332  82 ± 5
a





Table 5.1. (Continued) 
Compounds 




FFAP Ref. Unfermented Fermented 
2,6-dimethylpyrazine
I
 1337  149 ± 31
a





 1339  217 ± 30
a
 13 ± 1
b
 MS 
2,3-dimethylpyrazine 1359  25 ± 15
a





 1390  12 ± 6 - MS 
2,3,5-trimethylpyrazine
I
 1414  7 ± 2
a







1524 1511 34 ± 13
a







 1646  83 ± 41 - MS 
Total pyrazines   1467 ± 257
a
 549 ± 169
b
  
Pyridines      
Pyridine
I
 1307 1185 7 ± 4
a





2-methoxypyridine  1574  - 13 ± 6 MS 
2-acetylpyridine
I
 1619  20 ± 7
a
 18 ± 7
a
 MS 
Total pyridines   27 ± 9
a
 36 ± 11
a
  
Pyrroles      
3-methylpyrrole 1224  - 36 ± 12 MS 
2-methylpyrrole 1557  - 8 ± 2 MS 
1-furfurylpyrrole 1835  4 ± 2 - MS 
2-acetylpyrrole 1985 1970 29 ± 2
a





2-formylpyrrole 2043  9 ± 1
a
 12 ± 4
a
 MS 
2-pyrrolidinone 2067  5 ± 1
a





 2468  43 ± 2
a
 34 ± 5
b
 MS 
Total pyrroles   90 ± 6
a
 125 ± 17
b
  
Sulfurous compounds      
2-acetyl-4-methylthiazole 1707  12 ± 3 - MS 
Benzothiazole 1983  5 ± 2
a





  17 ± 5
a
 4 ± 0
b
  
Terpenes      
Myrcene 1151  - 9 ± 2 MS 
Limonene 1186  13 ± 1
a
 278 ± 72
b
 MS 
γ-terpinene 1234  - 85 ± 32 MS 





1856  - 9 ± 1 MS 
Total terpenes   26 ± 3
a
 396 ± 98
b
  
Others      
Protoanemonine 1602  19 ± 12
a
 32 ± 4
a
 MS 
Methylethylmaleimide 2280  11 ± 2 - MS 
2,3-dihydro-3,5-dihydroxy-
6-methyl-(4H)-pyran-4-one 
2285  16 ± 4
a
 10 ± 2
a
 MS 
Caffeine -  1766 ± 262
a
 1704 ± 207
a
 MS 
Total peak area   10046 ± 560
a




Compounds collated by Holscher and Steinhart (1995). Mean values (n=3) with different 
letters (a-b) in the same row indicate statistical differences between unfermented and fermented 
green coffee bean samples at 5% significance level (p<0.05). Identification method: MS = mass 
spectrum, LRI = linear retention indices from literature values. LRI
a
 refers to values obtained 
from Gonzalez-Rios et al. (2007a); LRI
b
 refers to values obtained from Scheidig, Czerny, and 
Schieberle (2007); LRI
c




The increase in the total alcohols level observed after fermentation was 
mainly attributed to the increase in the levels of 2-phenylethyl alcohol. This was 
consistent with studies showing 2-phenylethyl alcohol production by Y. lipolytica 
from the metabolism of L-phenylalanine via the Ehrlich pathway (Celinska, 
Kubiak, Bialas, Dziadas, & Grajek, 2013). Furthermore, the increase in γ-
butyrolactone levels after fermentation could be explained by the presence of 
associated peroxisomal β-oxidation enzymes like acyl-CoA oxidase that were 
responsible for γ-decalactone production by Y. lipolytica (Aguedo et al., 2005). 
These enzymes helped catalyze the conversion of methyl ricinoleate to γ-
decalactone via β-oxidation and intra-esterification steps (Aguedo et al., 2005). 
Therefore, γ-butyrolactone could be synthesized from hydroxy fatty acids that 
were present in green coffee beans via a similar fashion. In addition, γ-
butyrolactone has also been found to be generated from glutamic acid in other 
yeast species like S. fermentati (Wurz, Kepner, & Webb, 1988).  
Another notable observation was the increase in total volatile phenol 
levels after fermentation that was attributed mainly to the increase in the levels of 
4-ethylguaiacol, p-vinylguaiacol and 4-vinylphenol. Studies have found that other 
yeast species such as Saccharomyces spp. and Brettanomyces spp. could generate 
volatile phenolic compounds from hydroxycinnamic acid precursors like ferulic 
and p-coumaric acids (Vanbeneden, Gils, Delvaux, & Delvaux, 2008). 4-
vinylphenol can be generated from the decarboxylation of p-coumaric acid, 
whereas successive decarboxylation and reduction of ferulic acid result in the 
generation of p-vinylguaiacol and then 4-ethylguaiacol.  
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The levels of 2,3-butanedione and acetoin tripled and quadrupled, 
respectively after fermentation. This could be explained by the generation of the 
above compounds from intermediates along the valine biosynthesis pathway in 
yeasts (Krogerus & Gibson, 2013). The decarboxylation of α-acetolactate 
generated 2,3-butanedione which could be subsequently reduced by the yeast cells 
to form acetoin (Krogerus & Gibson, 2013). 
It was also noted that there were significant increases in the levels of 
limonene and γ-terpinene which could be attributed to terpenes formation by Y. 
lipolytica. The de novo biosynthesis of terpenes by S. cerevisiae (Carrau et al., 
2005) and the hydrolysis of non-volatile terpene glycosides by Saccharomyces 
and non-Saccharomyces yeast species such as D. hansenii and H. uvarum 
(Fernandez-Gonzalez, Di Stefano, & Briones, 2003) have been reported in wine 
fermentation by various studies. 
5.3.3. Effects of Y. lipolytica fermentation on non-volatile profiles of green 
coffee beans 
Through the characterization of the non-volatile profiles of green coffee 
beans, the effects of Y. lipolytica fermentation on the composition of aroma 
precursors can be evaluated while changes to the volatile profile of green coffee 
beans can be accounted for. Tables 5.2 and 5.3 show the effects of Y. lipolytica 
fermentation on the sugars, organic, phenolic and amino acids profiles of green 
coffee beans.  
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The significant decrease in total sugars concentration after fermentation 
was mainly attributed to the decrease in sucrose concentration, which was a 
consequence of sucrose metabolism that is unique to the strain of Y. lipolytica 
(NCYC 2904) used in this study (National Collection of Yeast Cultures, 1999). 
While the fructose concentration remained relatively unchanged, one interesting 
observation was the unexpected increase in glucose concentration after 
fermentation. This was in spite of the preferential metabolism of glucose over 
fructose in the glycolytic pathway during aerobic respiration of Y. lipolytica 
(Forster, Aurich, Mauersberger, & Barth, 2007). A likely explanation could be the 
higher extent of gluconeogenesis via the entry of fatty acid-derived acetyl CoA 
into the glyoxylate cycle (Fickers et al., 2005) compared to glucose metabolism. 
This would be consistent with the decrease in the total alkanes, aldehydes and 
fatty acids levels via the hydrophobic substrate metabolizing pathways in Y. 
lipolytica as illustrated in section 5.3.2. The relative stable concentration of 
fructose suggested that the lower extent of fructose utilization by Y. lipolytica 
(compared to glucose) might have negated the increase in concentration resulting 




Table 5.2. Effects of Y. lipolytica fermentation on sugars, organic and phenolic 
acids of green coffee beans 
Compounds Unfermented Fermented 
Sugars, mg/g dry wt.   
 Fructose 0.68 ± 0.06
a
 0.65 ± 0.05
a
 
 Glucose 0.93 ± 0.10
a
 1.34 ± 0.09
b
 
 Sucrose 26.16 ± 1.64
a
 21.14 ± 2.59
b
 
 Total 27.77 ± 1.77
a
 23.12 ± 2.50
b
 
Organic acids, mg/g dry wt.   
 Citric acid 7.57 ± 0.22
a
 7.05 ± 0.20
b
 
 Lactic acid 2.04 ± 0.10
a
 2.59 ± 0.82
a
 
 Malic acid 3.81 ± 0.09
a
 3.77 ± 0.26
a
 
 Quinic acid 3.26 ± 0.27
a
 3.17 ± 0.05
a
 
 Succinic acid 4.15 ± 0.05
a
 3.09 ± 0.30
b
 
 Total 20.83 ± 0.62
a
 19.66 ± 0.85
a
 
Phenolic acids, mg/g dry wt.    
 Chlorogenic acid 15.85 ± 1.88
a
 11.97 ± 0.16
b
 
 Caffeic acid 0.14 ± 0.01
a
 0.11 ± 0.01
b
 
 p-coumaric acid 0.01 ± 0.00
a
 0.01 ± 0.00
b
 
 Ferulic acid 0.03 ± 0.00
a
 0.02 ± 0.00
b
 
 Total 16.03 ± 1.89
a
 12.11 ± 0.16
b
 
Mean values (n=3) with different letters (a-b) in the same row indicate 
statistical differences at 5% significance level (p<0.05). “ – ” : not detectable 




Table 5.3. Effects of Y. lipolytica fermentation on the amino acids of green coffee 
beans 
Compounds Unfermented Fermented 
Amino acids, mg/kg dry wt.    
 Asp 586.70 ± 33.69
a
 482.40 ± 71.51
a
 
 Ser Asn 631.75 ± 27.10
a
 368.82 ± 53.43
b
 
 Glu 550.10 ± 56.33
a
 549.39 ± 61.64
a
 
 Gly 198.19 ± 13.96
a
 147.25 ± 1.57
b
 
 His Gln Trace Trace 
 NH3 92.43 ± 21.35
a
 241.52 ± 22.13
b
 
 Arg 177.31 ± 14.90
a
 105.81 ± 3.87
b
 
 Thr 46.56 ± 5.22 Trace 
 Ala 322.77 ± 33.44
a
 160.57 ± 12.75
b
 
 Pro 195.59 ± 21.96
a
 152.25 ± 6.98
b
 
 Cys 59.40 ± 2.60
a
 59.79 ± 2.13
a
 
 Tyr Trace Trace 
 Val 280.96 ± 1.55
a
 267.66 ± 2.35
b
 
 Met - - 
 Lys 134.27 ± 21.67 Trace 
 Ile Trace Trace 
 Leu 66.16 ± 13.47 Trace 
 Phe 119.22 ± 12.17 Trace 
 Trp Trace Trace 
 Total 3738.29 ± 118.87
a
 2980.98 ± 208.74
b
 
Mean values (n=3) with different letters (a-b) in the same row indicate 
statistical differences at 5% significance level (p<0.05). “ – ” : not detectable 





The significant decrease in citric and succinic acids concentration after 
fermentation was consistent with studies documenting the utilization of these 
acids by Y. lipolytica as carbon sources (Rodrigues & Pais, 2000). These acids 
may be metabolized via the TCA cycle during aerobic respiration or the 
glyoxylate cycle in gluconeogenesis. Although there have been some studies 
reporting the production of citric (Levinson, Kurtzman, & Kuo, 2007) and 
succinic acids (Kamzolova et al., 2009) by Y. lipolytica, these occurred in media 
of high carbon/nitrogen ratio which was uncharacteristic of green coffee beans. 
The presence of proteins, free amino acids and nitrogenous compounds like 
trigonelline contributes to the high nitrogen content of green coffee beans. 
Therefore, the net decrease in the concentrations of the above acids would be 
expected since the extent of acid metabolism was likely to be higher than 
production. 
The significant decrease in the concentration of total phenolic compounds 
after fermentation pointed to the metabolism of these compounds by Y. lipolytica. 
This was supported by studies showing that Y. lipolytica fermentation resulted in 
a 70% decrease in total phenolic compounds during the bio-treatment of olive mill 
wastewater (Lopes et al., 2009). Even though the mechanisms leading to the 
degradation of the respective phenolic compounds by Y. lipolytica have not been 
elucidated, they have been documented in other yeast species like Brettanomyces 
yeasts during wine fermentation. During fermentation, ferulic and p-coumaric 
acids are decarboxylated to form p-vinylguaiacol and 4-vinylphenol which are 
subsequently reduced to 4-ethyguaiacol and 4-ethylphenol respectively 
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(Vanbeneden et al., 2008). Such metabolic pathways would not only account for 
the decrease in the concentrations of ferulic and p-coumaric acids, but also 
explain the increase in the levels of volatile phenols detected in the headspace of 
fermented green coffee beans (Table 5.1).   
The detection of cinnamoyl esterase in other yeast species like S. 
cerevisiae (Coghe, Benoot, Delvaux, Vanderhaegen, & Delvaux, 2004) would 
explain the decrease in chlorogenic acid concentration after Y. lipolytica 
fermentation. Furthermore, the latter would be consistent with the significant 
decreases in the antioxidant activities after fermentation as determined via Folin-
Ciocalteu and DPPH assays (Table 5.4) since chlorogenic acid is one of the main 
contributors to the antioxidant activities of green coffee (Cheong et al., 2013). 
However, chlorogenic acid hydrolysis did not correspond to an increase in the 
concentrations of the hydrolytic products, caffeic and quinic acids. This could be 
explained by the higher rate at which they could be catabolized. It was also noted 
that the antioxidant activities of green coffee beans in this study were lower 
compared to the antioxidant activities of green coffee beans in Table 3.4 in 
Chapter 3. This could be attributed to inter-batch variation as a different batch of 




Table 5.4. Effects of Y. lipolytica fermentation on the antioxidant activities of 
green coffee beans 
Antioxidant assay type 
Green coffee beans 
Unfermented Fermented 





DPPH (mg trolox/g) 45.52 ± 1.76
a
 39.24 ± 0.75
b
 
Mean values (n=3) with different letters (a-b) in the same row indicate 
statistical differences at the 0.05 level (p<0.05) 
 
The significant decrease in total free amino acids concentration was 
indicative of amino acids catabolism by Y. lipolytica. This could be correlated 
with the increase in ammonia concentration following fermentation since 
ammonia is liberated from the oxidative deamination of amino acids.  The 
corresponding α-keto acids can be subsequently converted into fusel alcohols via 
the Ehrlich pathway. This would thus account for the decrease in L-phenylalanine 
concentration and increase in 2-phenylethyl alcohol level (Table 5.1). 
Furthermore, the conversion of pyruvate and other TCA intermediates, formed 
from the deamination of gluconeogenic amino acids like alanine, into glucose via 
the glyoxylate cycle has been observed in S. cerevisiae (Meyer et al., 2005). 
Therefore, amino acid metabolism by Y. lipolytica could partly account for the 
increase in glucose concentration after fermentation. Despite the decrease in total 
amino acids concentration after fermentation, some extent of proteolysis should 
still be expected as Y. lipolytica has been reported to secrete large amounts of 
proteases (Madzak, Gaillardin, & Beckerich, 2004). However, the net decrease in 
the free amino acid concentration could be explained by the higher extent of 
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amino acid catabolism compared to proteolysis. This was the main difference 
between R. oligosporus and Y. lipolytica fermentations where a net increase in the 
total amino acids concentrations of fermented green coffee beans was observed in 
the former (Table 3.3 in Chapter 3). In R. oligosporus fermentation, the extent of 
proteolysis was higher compared to amino acids catabolism. Such a difference 
would have varying effects on the volatile and aroma profiles of roasted coffees 
as amino acids are important aroma precursors.  
5.4 Conclusion 
This chapter explored the modulation of coffee aroma via the fermentation 
of green coffee beans with the yeast Y. lipolytica, which resulted in significant 
changes to the volatile and non-volatile profiles of green coffee beans. The 
changes were correlated and explained with metabolic pathways in Y. lipolytica or 
other yeasts. The decreases in the levels of acids, alkanes and aldehydes provided 
evidence of hydrophobic substrate metabolism while the increase in 2-phenylethyl 
alcohol levels coupled with the decrease in L-phenylalanine concentration 
corresponded to amino acid metabolism via the Ehrlich pathway shown in Y. 
lipolytica. The effects of Y. lipolytica fermentation on the volatile and non-




CHAPTER 6  
MODULATION OF THE VOLATILE AND NON-VOLATILE 
PROFILES OF COFFEE FERMENTED WITH YARROWIA 
LIPOLYTICA: II. EFFECTS OF DIFFERENT ROAST LEVELS 
6.1 Introduction  
The selection of indigenous yeast strains with high extents of pectinases, 
volatiles and organic acids production for controlled coffee cherry/coffee 
parchment fermentation in post-harvest coffee processing (wet, dry and semi-dry 
processing) has led to the production of coffees with distinctive aroma profiles. 
Furthermore, identical yeast strains gave rise to different aroma attributes in 
coffees processed via different methods. The inoculation of C. parapsilosis and S. 
cerevisiae onto depulped coffee cherries in semi-dry processing was found to give 
coffees with caramelic and bitter attributes (Evangelista, da Cruz Pedrozo Miguel, 
et al., 2014). However, the inoculation of the latter yeast in dry processing gave 
coffees with fruity attributes while C. parapsilosis inoculation produced coffees 
with caramel and herbaceous traits (Evangelista, Silva, et al., 2014). These aroma 
attributes have been postulated to arise from the diffusion of yeast-derived 
volatiles into the green coffee beans during fermentation and most importantly, 
preservation of these volatile compounds after roasting (de Melo Pereira et al., 
2015).  
Similarly, the modulation of coffee aroma via the SSF of green coffee 
beans with the mold R. oligosporus (Chapters 3 and 4) was partly attributed to the 
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preservation of fermentation-induced volatile profile changes after roasting. In 
addition, the modification of aroma precursors induced by fermentation 
influenced coffee aroma formation during roasting which corresponded to 
modulation of coffee aroma profiles. This was supported by evidence showing a 
correlation between the concentrations of low molecular weight sugars (fructose 
and glucose) and the type of post-harvest processing applied which could, to some 
extent, account for the variation in the aroma profiles of differentially-processed 
coffees (Bonnländer, Rivetti, & Suggi Liverani, 2007). 
It was established in Chapter 5 that green coffee bean fermentation by Y. 
lipolytica led to significant changes in the volatile and non-volatile profiles of 
green coffee beans. The former was the consequence of the degradation of some 
volatile compounds present in green coffee beans and generation of yeast-derived 
volatile metabolites during fermentation. On the other hand, Y. lipolytica 
fermentation also induced changes to the composition of aroma precursors such as 
sugars, amino and phenolic acids. The generation of certain volatile compounds 
could be correlated with the metabolism of these aroma precursors during 
fermentation. However, since coffee aroma development occurs primarily during 
roasting, it was critical to evaluate the extent at which these fermentation-induced 
volatile and non-volatile (aroma precursors) profiles changes in green coffee 
beans translated to volatile/aroma profiles modulation in roasted coffees of 
different roast degrees. Such analytical information would also contribute to the 
building of a possible correlation between the changes in aroma precursors 
composition induced by post-harvest processing/SSF of green coffee beans and 
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the corresponding volatile/aroma profiles changes after roasting, which has not 
yet been established. 
Therefore, the objective of this chapter was to evaluate the effects of SSF 
of green coffee beans by Y. lipolytica on coffee aroma modulation by 
characterizing the volatile profiles of coffees roasted to three different degrees, 
i.e., light, medium and dark, and the non-volatile profiles of roasted coffee, with 
the roast degree being selected at which the effects of Y. lipolytica fermentation 
on the volatile profiles were most prominent. It was hypothesized that the 
decrease in the concentrations of important aroma precursors like sugars, amino 
and phenolic acids induced by Y. lipolytica metabolism during fermentation could 
influence coffee aroma formation during roasting. The significantly higher levels 
of ketones and volatile phenols detected in green fermented coffee beans could be 
retained after roasting. Therefore, these fermentation-induced volatile and non-
volatile profiles changes of green coffee could correspond to the modulation of 
the volatile profiles of roasted coffees.  
6.2 Materials and methods  
6.2.1 Green coffee beans, reagents, solvents, standards and yeast strain 
The green coffee beans, chemical reagents, solvents, reference standards 
(phenolic and organic acids) used in this study can be found in sections 3.2.1 and 
3.2.2 in Chapter 3, while the mixed amino acid reference standard used can be 
found in section 4.2.1 in Chapter 4. The yeast (Y. lipolytica NCYC 2904) used for 
the fermentation of green coffee beans can be found in section 5.2.1 in Chapter 5.    
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6.2.2 Starter culture preparation and SSF of green coffee beans  
The methodologies employed for the preparation of Y. lipolytica starter 
culture prior to fermentation and SSF of green coffee beans can be found in 
section 5.2.2 in Chapter 5. After fermentation, the remaining three portions of 
fermented and unfermented green coffee beans were subjected to three different 
degrees of roast and subsequent analysis.  
6.2.3 Roasting of green coffee beans 
Green coffee beans were roasted at 245 °C for 11.5 min, 13.5 min and 16 
min to light, medium and dark roast levels respectively, and then stored at -20 °C. 
Roast degrees were evaluated with % weight loss and L* values (section 4.2.3 in 
Chapter 4). 
6.2.4 Volatile and non-volatile profiles analysis 
The volatile profiles of light, medium and dark roasted coffee beans 
(fermented and unfermented) were analyzed via HS-SPME-GC-MS/FID with HS-
SPME parameters (90 °C, 30 min and 2 g roasted coffee grounds) and GC-
MS/FID conditions that were identical to those employed for the volatile profile 
analysis of green coffees fermented by R. oligosporus (elaborated in section 3.2.4 
in Chapter 3).  
For the non-volatile profile analysis of light roasted coffee beans 
fermented with Y. lipolytica, the sample pre-treatment prior to non-volatiles 
(phenolic, organic and amino acids) extraction, extraction, analytical 
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methodologies and antioxidant assays (Folin-Ciocalteu and DPPH assays) 
employed were similar to those used for the non-volatile profile analysis of green 
coffee beans fermented with R. oligosporus (section 3.2.5 in Chapter 3). For the 
Folin-Ciocalteu assay, the light roasted unfermented and fermented phenolic 
extracts were diluted 1000-fold while both phenolic extracts were diluted 500-fold 
for the DPPH assay.  
6.3 Results and discussion  
6.3.1. Evaluation of the degrees of roast 
 
Different roast degrees give rise to coffees with different volatile profiles 
(Baggenstoss et al., 2008). Therefore, similar to R. oligosporus fermentation 
(Chapter 4), it was essential to determine the roast degrees of the coffee samples 
so as to evaluate the effects of Y. lipolytica fermentation on the volatile profiles at 
increasing roast levels. 
Table 6.1 shows the % weight loss and L* values of light, medium and 
dark roasted fermented and unfermented coffees. The respective parameters 
measured in this study were consistent with those of light, medium and dark roast 
levels reported in the literature (Gonzalez-Rios et al., 2007b; Pittia et al., 2007). 
Furthermore, the statistical differences in the parameters of coffees roasted to 
different degrees showed that three distinct roast levels were obtained. Conversely, 
the lack of statistical differences in the parameters of fermented and unfermented 
coffees within each roast degree showed uniformity in the extent of roasting for 
coffees of both treatments. 
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Table 6.1. % weight loss and L* values of fermented and unfermented light, medium and dark roasted coffee beans 
Treatment 
L* values   % Weight loss 
Light Medium Dark   Light Medium Dark  




  24.89 ± 0.41
aC 
 11.52 ± 0.18
aA
 14.10 ± 0.50
aB
 16.49 ± 0.64
aC
 
Fermented 31.03 ± 1.00
aA
 27.53 ± 0.71
aB
 24.57 ± 0.29
aC
  11.50 ± 0.69
aA
 14.04 ± 0.32
aB
 17.02 ± 0.23
aC
 
Mean values (n=3) with different letters (A-C) in the same row within the L* values and % weight loss parameters indicate 
statistical differences at the 5% significance level (p<0.05). Mean values with different letters (a-b) in the same column indicate 
statistical differences at the 5% significance level (p<0.05) between the unfermented and fermented roasted coffees. 
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6.3.2 Effects of roasting on the volatile profiles of coffees 
Generally, the characteristic aroma of roasted coffee is formed from a 
complex series of thermal reactions during roasting, which leads to the 
degradation of volatiles of post-harvest processing origin and formation of 
thermally-derived volatiles. With the increase in roast degree, other competing 
reaction pathways have also resulted in the evolution and to some extent, the loss 
of thermally-generated volatiles. A total of 3 acids, 2 alcohols, 3 aldehydes, 4 
alkenes, 4 esters, 22 furans, 7 furanones, 19 ketones, 2 lactones, 13 phenols, 26 
pyrazines, 15 pyridines, 17 pyrroles, 15 sulfur-containing compounds and 2 
terpenes were detected in light, medium and dark roasted coffees (Table 6.2). 
A general decreasing trend was observed in the levels of acids, alcohols, 
aldehydes, esters, ketones, lactones, pyrazines and terpenes as the degree of roast 
increased. Some of these trends were similar to those observed in section 4.3.2 in 
Chapter 4. With acetic acid accounting for over 85% of the total acids, the 
peaking of the total acids level at medium roast, followed by a subsequent 
decrease upon dark roast was consistent with a similar trend observed for acetic 




Table 6.2. Effects of Y. lipolytica fermentation on volatile profiles of light, medium and dark roasted coffee beans 
Compounds 
LRI 
FID peak area (x104) 
Identification Light Roast  Medium Roast  Dark Roast 
FFAP Ref. Unfermented Fermented  Unfermented Fermented  Unfermented Fermented 
Acids            
Acetic acidI 1429 1440 5657 ± 347a 4771 ± 384bA  5874 ± 211a 5840 ± 203aB  4691 ± 166a 4927 ± 127aA MS, LRIb,c,d 
Pentanoic acidI 1648  891 ± 86a 551 ± 28aA  1003 ± 122a 641 ± 140b  - - MS 
Benzoic acidI 2420 2428 - 287 ± 53  - -  - - MS, LRIc,d 
Total acids   6548 ± 267
a 5608 ± 322bA  6877 ± 108a 6482 ± 167bB  4691 ± 166a 4927 ± 127aA  
Alcohols            
5-indanol 1532  66 ± 12a 44 ± 9aA  39 ± 14a 34 ± 12aAB  41 ± 7a 25 ± 3bB MS 
2-phenylethyl alcoholI 1934 1937 - 36 ± 13  - -  - - MS, LRIa,c 
Total alcohols   66 ± 12
a 80 ± 21aA  39 ± 14aAB 34 ± 12aB  41 ± 7a 25 ± 3bB  
Aldehydes            
BenzaldehydeI  1527 1509 129 ± 26a 91 ± 2aA  142 ± 11a 141 ± 2aB  169 ± 44a 171 ± 21aB MS, LRIc,d 
2-phenyl-2-butenalI 1927  22 ± 3a 25 ± 6aA  52 ± 8a 38 ± 2aB  - - MS 
VanillinI 2573  48 ± 8a 33 ± 3aA  53 ± 9a 31 ± 5bA  - - MS 
Total aldehydes   199 ± 33
a 149 ± 6aA  248 ± 8a 211 ± 6bB  169 ± 44a 171 ± 21aA  
Alkenes            
2,3-dimethyl-1-butene 1132  - -  - -  29 ± 5a 21 ± 4a MS 
2,3,4-hexatriene 1785  - -  - -  55 ± 40 - MS 
3-ethyl-3-phenyl-1-pentene 2048  - -  119 ± 14 -  - - MS 
1,4,8-dodecatriene 2343  - -  - -  124 ± 21 - MS 
Total alkenes   - -  119 ± 14 -  208 ± 54
a 21 ± 4b  
Esters            
Methyl 3-acetylpropanoate 1560  - -  32 ± 19a 28 ± 14aA  34 ± 2a 36 ± 11aA MS 
Methyl salicylateI 1778 1801 89 ± 29a 63 ± 18aA  71 ± 6a 74 ± 16aA  - - MS, LRIc 
Methyl palmitateI 2192  276 ± 7a 172 ± 49bA  254 ± 42a 246 ± 26aA  222 ± 67a 243 ± 54aA MS 
Methyl linoleate 2467  25 ± 3a 16 ± 2bA  29 ± 8a 32 ± 8aB  37 ± 9a 40 ± 4aB MS 
Total esters   391 ± 30
a 250 ± 34bA  386 ± 30a 381 ± 16aB  294 ± 57a 319 ± 50aAB  
Furans            
2-methylfuranI   - -  669 ± 148a 451 ± 32aA  1532 ± 11a 1403 ± 93aB MS 
2-vinyl-5-methylfuranI  1145 1154 55 ± 3a 41 ± 8aA  78 ± 15a 66 ± 15aA  68 ± 16a 73 ± 19aA MS, LRIa,d 
2-(methoxymethyl)furanI 1227 1243 102 ±28a 147 ± 28aA  157 ± 54a 154 ± 57aA  257 ± 34a 265 ± 67aA MS, LRId,e 
FurfuralI 1459 1461 10038 ± 355a 9001 ± 761aA  7158 ± 438a 7577 ± 1051aA  2837 ± 164a 2662 ± 436aB MS, LRIa,b,c,d,e 
Furfuryl formateI 1483 1504 180 ± 7a 133 ± 42aA  297 ± 70a 226 ± 90aAB  365 ± 24a 338 ± 21aB MS, LRIa,c,d 
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Table 6.2. (Continued)  
Compounds 
LRI 
FID peak area (x104) 
Identification Light Roast  Medium Roast  Dark Roast 
FFAP Ref. Unfermented Fermented  Unfermented Fermented  Unfermented Fermented 
2-acetylfuranI 1501 1498 501 ± 8a 392 ± 86aA  329 ± 57a 266 ± 15aB  490 ± 24a 421 ± 24bA MS, LRIa,b,d,e 
2-butylfuranI  1509  150 ± 23a 87 ± 13bA  299 ± 38a 239 ± 29aB  - - MS 
1-(2-furyl)-2-propanoneI 1509 1522 - -  - -  323 ± 15a 346 ± 42a MS, LRId 
Furfuryl acetateI  1521 1539 470 ± 98a 293 ± 59aA  847 ± 91a 639 ± 92bB  1459 ± 52a 1388 ± 74aC MS, LRIa,b,c,d,e 
1-(2-furyl)-1-propanoneI 1570 1569 66 ± 8a 57 ± 7aA  122 ± 23a 94 ± 10aB  196 ± 7a 175 ± 5bC MS, LRId 
5-methylfurfuralI  1572 1578 5714 ± 798a 4354 ± 839aA  5165 ± 201a 4805 ± 201aA  2674 ± 124a 2444 ± 240aB MS, LRIa,b,c,d,e 
Furfuryl propionateI  1579 1599 - -  217 ± 31a 218 ± 31aA  198 ± 10a 171 ± 31aA MS, LRIc,d,e 
furan,2,2'-methylenebisI 1593 1615 33 ± 4a 35 ± 4aA  79 ± 18a 60 ± 13aB  347 ± 75a 323 ± 26aC MS, LRIa,e 
2-acetyl-5-methylfuranI  1614 1653 - -  55 ± 14a 44 ± 4aA  157 ± 81a 58 ± 7aA MS, LRIc 
Furfuryl alcoholI  1652 1667 10955 ± 793a 9895 ± 920aA  13345 ± 394a 11629 ± 645bA  15562 ± 237a 15601 ± 268aB MS, LRIa,b,c,d,e 
5-methyl-2-furfurylfuranI 1662 1700 - -  - -  368 ± 37a 384 ± 66a MS, LRIc 
Furoylhydrazide 1771  - -  161 ± 70 -  - - MS 
2-butanoyl furan 1773  295 ± 25a 224 ± 48a  - -  - - MS 
1-(5-methyl-2-furanyl)-1-
propen-3-alI  
1879  31 ± 3a 32 ± 8aA  101 ± 58a 130 ± 13aB  48 ± 9a 55 ± 15aA MS 
4-(2-furyl)-3-buten-2-oneI 1906  68 ± 20a 67 ± 24aA  123 ± 18a 114 ± 14aA  202 ± 23a 185 ± 20aB MS 
1,2-di(2-furyl)ethylene 2011  - -  - -  133 ± 17a 166 ± 22a MS 
5-(hydroxymethyl)furfuralI 2510 2528 451 ± 46a 537 ± 20aA  199 ± 30a 267 ± 93aB  87 ± 3a 101 ± 30aB MS, LRIb 
Total furans   29110 ± 1542
a 25295 ± 2741aA  29400 ± 578a 26977 ± 461bA  27302 ± 766a 26558 ± 462aA  
Furanones            
Dihydro-2-methyl-3(2H)-
furanoneI 
1254 1267 220 ± 16a 178 ± 20bA  236 ± 1a 240 ± 45aA  206 ± 9a 183 ± 6bA MS, LRIb,c,d,e 
4-hydroxy-2,5-dimethyl-
3(2H)-furanoneI  
1495  - -  100 ± 3a 90 ± 11aA  116 ± 17a 82 ± 19aA MS 
5-methyl-2(5H)-furanone 1682 1707 - 89 ± 17  - -  - - MS, LRIb,d 
5-(2-hydroxyethylidene)- 
2(5H)-furanone 
1739  - -  - -  - 118 ± 30 MS 
3-ethyl-4-methyl- 
anhydride-2,5-furandione 
1743  - -  - -  88 ± 41a 90 ± 29a MS 




2074  21 ± 8a 15 ± 7a  32 ± 8 -  - - MS 
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Table 6.2. (Continued)  
Compounds 
LRI 
FID peak area (x104) 
Identification Light Roast  Medium Roast  Dark Roast 
FFAP Ref. Unfermented Fermented  Unfermented Fermented  Unfermented Fermented 
Total furanones   562 ± 40
a 590 ± 60aA  614 ± 13a 585 ± 55aA  551 ± 92a 660 ± 61aA  
Ketones            
2,3-butanedioneI    236 ± 24a 171 ± 31bA  329 ± 33a 270 ± 10aB  - - MS 
2,3-pentanedioneI  1053 1058 468 ± 20a 391 ± 42bA  343 ± 7a 313 ± 23aA  233 ± 8a 220 ± 17aB MS, LRIa,d,e 
2,4-dimethylpentan-3-oneI 1124 1137 - -  23 ± 6a 26 ± 3aA  14 ± 3a 21 ± 2bA MS, LRId 
AcetoinI  1278 1291 833 ± 97a 260 ± 106bA  922 ± 112a 385 ± 139bAB  612 ± 309a 686 ± 238aB MS, LRIa,b,c 
1-hydroxy-2-propanoneI  1295 1300 2721 ± 298a 2764 ± 263aA  1670 ± 184a 1934 ± 223aB  1159 ± 13a 1250 ± 57aC MS, LRIb,d 
2-cyclopenten-1-oneI  1359 1372 - -  77 ± 7a 83 ± 22aA  131 ± 8a 130 ± 10aB MS, LRIc 
1-(acetyloxy)-propanoneI 1454 1477 664 ± 136a 558 ± 129aA  1158 ± 76a 914 ± 186aAB  1283 ± 45a 1165 ± 43bB MS, LRIa,b,d 
2-methyl-3-pentanoneI   1517  202 ± 25a 156 ± 15b  - -  - - MS 
1,3-dimethyl-6-oxabicyclo-
hex-3-en-2-one 
1733  - -  - -  111 ± 3a 89 ± 16a MS 
3-methyl-2-cyclohexen-1-
oneI 
1741 1507 68 ± 19a 56 ± 20a  - -  - - MS, LRId 
6-methylen3-oxabicyclo-
octan-2-one 
1785  - -  - -  - 56 ± 33 MS 
2-hydroxy-1-
methylcyclopenten-3-one 
1822  186 ± 19a 157 ± 10aA  215 ± 24a 195 ± 15aB  280 ± 19a 297 ± 14aC MS 
3-aminoacetophenoneI 1830  - -  - -  28 ± 9a 16 ± 10a MS 
Bicyclo-heptan-2-one 1842  - -  - 19 ± 10  - - MS 
MethylcyclohexenoneI 1843  - -  17 ± 7 -  43 ± 12a 13 ± 2b MS 
EthylcyclopentenoloneI 1883  - -  71 ± 16a 75 ± 26a  - - MS 
3-ethyl-2-hydroxy-2-
cyclopenten-1-oneI  
1884 1924 - -  - -  91 ± 10a 100 ± 8a MS, LRIb 
Ethyl-5-indanyl ketone 2049  - -  - 71 ± 11A  112 ± 24a 70 ± 9aA MS 
1,4,4-trimethyl-3-isopropyl-
3-azabicyclo-hexan-2-one 
2345  24 ± 6 -  - -  - - MS 
Total ketones   5401 ± 411
a 4513 ± 168bA  4824 ± 88a 4285 ± 70bA  4098 ± 324a 4114 ± 214aA  
Lactones            
γ-butyrolactoneI  1632 1637 67 ± 16a 341 ± 34bA  91 ± 11a 171 ± 12bB  147 ± 8a 165 ± 19aB MS, LRIa,b,c,d 
4-ethoxycarbonyl-γ-
butanolactone 
2503  - -  - -  - 81 ± 20 MS 
Total lactones   67 ± 16
a 341 ± 34bA  91 ± 11a 171 ± 12bB  147 ± 8a 246 ± 38bB  
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Table 6.2. (Continued)  
Compounds 
LRI 
FID peak area (x104) 
Identification Light Roast  Medium Roast  Dark Roast 
FFAP Ref. Unfermented Fermented  Unfermented Fermented  Unfermented Fermented 
Phenols            
3-methylphenolI  1149 1168 27 ± 3a 35 ± 4bA  44 ± 10a 32 ± 6aA  50 ± 2a 35 ± 7bA MS, LRIc 
3-amino-4-methylphenol 1805  - -  185 ± 31a 33 ± 11bA  37 ± 16a 38 ± 5aA MS 
GuaiacolI 1852 1859 119 ± 25a 84 ± 12aA  154 ± 14a 109 ± 3bB  317 ± 8a 320 ± 22aC MS, LRIa,b,c,d,e 
2-acetylphenolI  1954  - 44 ± 4A  111 ± 15a 74 ± 18aA  - 260 ± 25B MS 
2-methylphenolI 1988  - -  - -  155 ± 22a 88 ± 19b MS 
PhenolI 1991 2007 209 ± 19a 151 ± 31aA  203 ± 18a 153 ± 11bA  336 ± 23a 318 ± 33aB MS, LRIb,d 
4-hydroxy-3-
methylacetophenone 
2004  - -  258 ± 43a 258 ± 64aA  189 ± 48a 171 ± 24aA MS 
2-allyl-5-nitrophenol 2069  153 ± 26a 138 ± 22aA  89 ± 39a 77 ± 7aB  - - MS 
4-methylphenolI 2076 2090 26 ± 7a 18 ± 7aA  57 ± 10a 55 ± 25aA  - - MS, LRIe 
p-vinylguaiacolI 2189 2187 1280 ± 65a 1575 ± 106bA  890 ± 163a 837 ± 94aB  692 ± 85a 678 ± 79bB MS, LRIb,d,e 
4-vinylphenolI 2382  57 ± 8a 93 ± 19bA  55 ± 4a 67 ± 4bA  77 ± 11a 74 ± 7aA MS 
4-aminophenol 2399  - -  - -  49 ± 3a 101 ± 70a MS 
4-nonylphenol 2658  16 ± 7a 17 ± 3aA  30 ± 6a 31 ± 12aA  - - MS 
Total phenols   1887 ± 44
a 2155 ± 71bA  2075 ± 175a 1725 ± 41bB  1903 ± 134a 2082 ± 75aA  
Pyrazines            
PyrazineI  1209 1212 654 ± 110a 635 ± 70aA  657 ± 187a 693 ± 130aAB  852 ± 79a 808 ± 26aB MS, LRIa,b,c,d,e 
2-methylpyrazineI  1261 1267 3296 ± 303a 3643 ± 539aA  2081 ± 520a 2431 ± 675aA  3041 ± 444a 2997 ± 563aA MS, LRIa,b,c,d,e 
2,5-dimethylpyrazineI 1319 1322 637 ± 133a 572 ± 98aA  344 ± 141a 206 ± 42aB  291 ± 20a 235 ± 50aB MS, LRIa,b,c,d,e 
2,6-dimethylpyrazineI 1324 1330 572 ± 185a 464 ± 77aA  344 ± 66a 313 ± 12aA  366 ± 37a 315 ± 25aA MS, LRIa,b,c,d,e 
2,3-dimethylpyrazineI  1348 1348 116 ± 10a 120 ± 6aA  78 ± 34a 103 ± 38aAB  70 ± 3a 63 ± 4aB MS, LRIa,b,c,d,e 
2-ethyl-6-methylpyrazineI 1377 1388 287 ± 35a 252 ± 52aA  210 ± 1a 219 ± 31aA  248 ± 14a 257 ± 41aA MS, LRIa,b,c,d,e 
2-ethyl-5-methylpyrazineI 1384 1394 212 ± 13a 203 ± 19aA  129 ± 4a 136 ± 22aB  135 ± 5a 131 ± 19aB MS, LRIa,b,c,d,e 
2-ethyl-3-methylpyrazineI 1399 1407 80 ± 7a 67 ± 12aA  41 ± 5a 39 ± 1aB  24 ± 2a 20 ± 2aC MS, LRIa,c,d,e 
2,3,5-trimethylpyrazineI 1402 1429 86 ± 12a 62 ± 10aA  35 ± 1a 32 ± 8aB  41 ± 3a 31 ± 2bB MS, LRIb 
2-propylpyrazineI  1410 1428 164 ± 17a 170 ± 37aA  21 ± 5a 23 ± 4aB  25 ± 6a 17 ± 2aB MS, LRIe 
2,6-diethylpyrazineI 1423 1433 22 ± 4a 24 ± 10aA  70 ± 7a 79 ± 11aB  - 71 ± 9B MS, LRIc,d,e 
2-ethyl-3,5-
dimethylpyrazineI  
1439 1455 600 ± 99a -  - -  - - MS, LRIe 
2,5-diethylpyrazineI  1448 1443 70 ± 25a 84 ± 11a  - -  - - MS, LRIc 
2-vinyl-6-methylpyrazineI 1488 1490 24 ± 9a 28 ± 12aA  99 ± 21a 48 ± 16bA  46 ± 11a 41 ± 17aA MS, LRId 
2-methyl-5-vinylpyrazineI 1496 1516 247 ± 15a 223 ± 21aA  96 ± 39a 87 ± 27aB  170 ± 20a 99 ± 36aB MS, LRIc 
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Table 6.2. (Continued)  
Compounds 
LRI 
FID peak area (x104) 
Identification Light Roast  Medium Roast  Dark Roast 
FFAP Ref. Unfermented Fermented  Unfermented Fermented  Unfermented Fermented 
2-(1-propenyl)-pyrazineI 1599  37 ± 6a 34 ± 3aA  38 ± 18a 28 ± 6aA  83 ± 40a 42 ± 11aA MS 
5H-5-methyl-6,7-
dihydrocyclopentapyrazineI 
1616 1643 - -  - -  80 ± 39a 40 ± 1a MS, LRIc 
2-acetylpyrazineI 1629 1614 94 ± 23a 161 ± 85aA  73 ± 9a 90 ± 31aA  116 ± 29a 77 ± 19aA MS, LRId 
1-(5-methyl-2-pyrazinyl)-1-
ethanoneI 
1686  200 ± 33a 220 ± 20aA  107 ± 7a 113 ± 16aB  88 ± 8a 89 ± 14aB MS 
1-(6-methyl-2-pyrazinyl)-1-
ethanoneI  
1697 1679 529 ± 34a 583 ± 29aA  167 ± 27a 239 ± 7bB  218 ± 2a 233 ± 25aB MS, LRId 
2-methyl-5-trans-
propenylpyrazineI  
1715  - -  - 24 ± 6A  53 ± 8a 57 ± 9aB MS 
2-methyl 5H-6,7-
dihydrocyclopentapyrazineI 
1716  - 38 ± 13  - -  - - MS 
QuinoxalineI 1923  21 ± 2a 17 ± 9aA  26 ± 12a 21 ± 6aA  - 32 ± 6aA MS 




2065  149 ± 18a 170 ± 33aA  172 ± 52a 217 ± 56aA  213 ± 21a 182 ± 60aA MS 
2-(5-Methyl-2-
furfuryl)methylpyrazineI 
2121  51 ± 1a 21 ± 5bA  - -  43 ± 10a 41 ± 6aB MS 
Total pyrazines   8397 ± 804
a 8049 ± 584aA  4787 ± 810a 5140 ± 708aB  6205 ± 495a 5877 ± 694aB  
Pyridines            
PyridineI  1187 1182 471 ± 210a 257 ± 74aA  1221 ± 155a 669 ± 104bB  2909 ± 41a 2796 ± 385aC MS, LRIa,b,c,d,e 
3-methylpyridineI  1312  - -  - -  42 ± 3a 17 ± 5b MS 
2-amino-5-methylpyridine 1326  1692 ± 134a 1560 ± 251aA  770 ± 314a 1364 ± 184aA  1220 ± 224a 1342 ± 225aA MS 
3-ethylpyridineI 1390 1387 - -  - -  24 ± 3a 23 ± 5a MS, LRIa,d 
4-pyridinone 1565  - -  31 ± 11a 30 ± 6aA  59 ± 5a 57 ± 9aB MS 
2-acetylpyridineI 1602  129 ± 23a 116 ± 23aA  44 ± 17a 26 ± 3aB  102 ± 9a 32 ± 10bB MS 
6-acetyl-3-pyridinol 1639  - -  - -  236 ± 113a 99 ± 11a MS 
1-(2-pyridinyl)-1-
propanone 
1689  - -  - -  56 ± 6a 50 ± 6a MS 
4-acetylpyridine 1804  - -  - -  22 ± 11a 32 ± 16a MS 
2-amino-bis(trimethylene)-
pyridine 
2093  - -  - 46 ± 10  - - MS 
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Table 6.2. (Continued)  
Compounds 
LRI 
FID peak area (x104) 
Identification Light Roast  Medium Roast  Dark Roast 
FFAP Ref. Unfermented Fermented  Unfermented Fermented  Unfermented Fermented 
3-isobutylpyridine 2115  - -  25 ± 7 -  - - MS 
2-methyl-3-pyridinol 2298  - -  - -  165 ± 65a 222 ± 69a MS  
3-hydroxy-6-
methylpyridine 
2400 2430 - -  119 ± 35a 65 ± 8aA  62 ± 21a 95 ± 13aB MS, LRIb 
3-pyridinol 2418 2450 - -  987 ± 79a 855 ± 47aA  1358 ± 59a 1464 ± 56aB MS, LRIb 
4-pyridone 2426  92 ± 11a 61 ± 17a  - -  - - MS 
Total pyridines   2383 ± 340
a 1995 ± 355aA  3197 ± 456a 3054 ± 282aA  6255 ± 323a 6229 ± 682aB  
Pyrroles            
1-methylpyrroleI 1135 1139 - 26 ± 3A  61 ± 12a 36 ± 6aAB  62 ± 27a 52 ± 14aB MS, LRIa,c,d,e 
1-ethylpyrroleI  1174  - -  14 ± 6 -  28 ± 9a 6 ± 2a MS 
3-methylpyrrole 1542  38 ± 13a 28 ± 5aA  61 ± 14a 48 ± 7aB  67 ± 4a 86 ± 9bC MS 
1,5-dimethyl-2-
pyrrolecarbonitrile 
1563  32 ± 3 -  - -  53 ± 8a 66 ± 14a MS 
2-formyl-1-methylpyrroleI  1622 1626 56 ± 10a 112 ± 58aA  96 ± 17a 120 ± 29aA  177 ± 19a 223 ± 57aA MS, LRIa,d,e 
4-pyrrolyl-1,2-epoxybutane 1784  - -  41 ± 2a 52 ± 15a  - - MS 
1-furfurylpyrroleI 1815 1833 76 ± 25a 123 ± 9aA  86 ± 35a 148 ± 25aA  271 ± 16a 188 ± 45aA MS, LRIa,c,e 
1-(5-methylfurfuryl)-
pyrroleI  
1869  - -  13 ± 2a 12 ± 4aA  34 ± 22a 26 ± 9aA MS 
2-acetylpyrroleI  1964 1969 341 ± 178a 456 ± 15aA  601 ± 41a 513 ± 28bB  859 ± 22a 773 ± 54aC MS, LRIa,b,d,e 
4-methylpyrrolo[1,2-
a]pyrazineI  
2015 2167 - -  144 ± 72a 116 ± 23aA  63 ± 28a 65 ± 29aA MS, LRIc 
Pyrrole-2-carboxaldehydeI 2019 2013 1576 ± 112a 1497 ± 169aA  1162 ± 83a 1373 ± 80bA  1005 ± 46a 928 ± 21aB MS, LRIa,b,d,e 
3-acetyl-1-methylpyrrole 2042  144 ± 5a 102 ± 32aA  108 ± 22a 101 ± 15aA  102 ± 14a 99 ± 11aA MS 
5-methyl-2-formylpyrroleI 2101  378 ± 46a 318 ± 25aA  369 ± 16a 344 ± 40aAB  381 ± 5a 375 ± 8aB MS 
1-furfuryl-2-formylpyrroleI 2244 2254 280 ± 42a 228 ± 52aA  330 ± 26a 348 ± 7aB  353 ± 26a 337 ± 16aB MS, LRIe 
1-furfuryl-2-acetylpyrroleI 2367  17 ± 1a 58 ± 41aAB  53 ± 9a 37 ± 5aA  82 ± 18a 81 ± 11aB MS 
IndoleI 2442 2476 91 ± 2a 99 ± 17aA  100 ± 15a 95 ± 21aA  121 ± 22a 139 ± 4aB MS, LRIc,e 
SkatoleI 2489  18 ± 1a 14 ± 2aA  23 ± 1a 26 ± 3aB  41 ± 10a 44 ± 14aB MS 
Total pyrroles   3047 ± 118
a 3061 ± 225aA  3261 ± 121a 3369 ± 47aAB  3698 ± 120a 3489 ± 144aB  
Sulfurous compounds            
Dimethyl disulfideI 1068 1086 - -  141 ± 11a 124 ± 6aA  138 ± 6a 71 ± 7bB MS, LRIc 
2-methylthiopheneI 1090 1103 - -  - -  - 30 ± 5 MS, LRIc 
1,3-thiazoleI 1249 1262 - -  - -  42 ± 5a 27 ± 8a MS, LRId 
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Table 6.2. (Continued)  
Compounds 
LRI 
FID peak area (x104) 
Identification Light Roast  Medium Roast  Dark Roast 
FFAP Ref. Unfermented Fermented  Unfermented Fermented  Unfermented Fermented 
2-furfurylthiolI  1421  24 ± 3a 24 ± 3aA  76 ± 7a 104 ± 19aB  163 ± 46a 130 ± 28aB MS 
Furfuryl methyl sulfideI 1473 1481 286 ± 135a 415 ± 31aA  250 ± 66a 157 ± 50aB  591 ± 57a 608 ± 22aC MS, LRIc,d,e 
2-acetyl-4-methylthiazoleI  1690  - 45 ± 9  - -  - - MS 
3-ethyl-2-formylthiophene 1727  62 ± 10a 47 ± 3a  72 ± 11 -  - - MS 
5-methyl-2-formylthiopheneI  1790  - 17 ± 3  22 ± 6a 18 ± 5a  - - MS 
Furfuryl methyl disulfideI 1794 1938 18 ± 6a 22 ± 5aA  42 ± 8a 27 ± 9aAB  47 ± 19a 48 ± 14aB MS, LRIc 
1-methoxyphospholane 
sulfide 
1794  - 34 ± 23  - -  - - MS 
Pentylthiophene 1803  - 11 ± 1  - -  - - MS 
2-acetyl-3-methylthiopheneI 1839  - -  19 ± 10 -  - - MS 
2,3,4,5-tetramethylthiophene 1853  - -  - -  13 ± 1a 26 ± 6b MS 
Ethyldimethylthiophene 1875  24 ± 4a 22 ± 9aA  15 ± 2a 8 ± 1bB  44 ± 6a 22 ± 9bA MS 
Difurfuryl sulfideI 2207  - -  - -  29 ± 10a 22 ± 7a MS 
Total sulfurous compounds   413 ± 138
a 637 ± 33bA  638 ± 85a 436 ± 39bB  1067 ± 105a 985 ± 35aC  
Terpenes            
LimoneneI 1184 1196 9 ± 3a 10 ± 3aA  8 ± 3a 8 ± 3aA  10 ± 0a 6 ± 2bA MS, LRIa,d 
Linalool oxideI  1427  - 21 ± 6  19 ± 6a 19 ± 7aA  - - MS 
Total terpenes   9 ± 3
a 31 ± 7bA  27 ± 6a 26 ± 9aA  10 ± 0a 6 ± 2bB  
Others            
PyrimidineI  1711  - -  - -  207 ± 29a 214 ± 5a MS 
1-methylpyrazole 1739  - -  - 140 ± 35  172 ± 37 - MS 
3,6-dimethyl-2H-pyran-2-
one 
1834  - -  - -  20 ± 8a 15 ± 3a MS 
MaltolI 1968 2004 460 ± 43a 506 ± 12aA  572 ± 40a 430 ± 45aA  721 ± 101a 917 ± 30aB MS, LRIb,c 
2-methylquinoxalineI 1981  91 ± 22a 113 ± 16aA  149 ± 10a 133 ± 43aA  - 90 ± 11aA MS 
5-hydroxyquinazoline 1999  - -  181 ± 41a 190 ± 35aA  264 ± 20a 256 ± 33aA MS 
3,4-dimethoxystyreneI 2027  - -  66 ± 11a 56 ± 13aA  95 ± 10a 99 ± 21aB MS 
4-dimethylamino-5-
azacinnoline 
2055  - 98 ± 20aA  130 ± 16a 150 ± 8aB  174 ± 17a 157 ± 16aB MS 
2,4-hexadienyl phenyl ether 2063  - -  - -  92 ± 9a 75 ± 17a MS 
4-methyl-2(1H)-quinolinoneI 2076 2114 - -  - -  79 ± 43 - MS, LRIc 
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Table 6.2. (Continued)  
Compounds 
LRI 
FID peak area (x104) 
Identification Light Roast  Medium Roast  Dark Roast 
FFAP Ref. Unfermented Fermented  Unfermented Fermented  Unfermented Fermented 
2,3-dihydro-3,5-dihydroxy-
6-methyl-4H-pyran-4-oneI 
2290  198 ± 95a 239 ± 145aA  26 ± 5a 28 ± 3aB  - - MS 
CaffeineI   1433 ± 106a 1369 ± 40aA  1794 ± 157a 2000 ± 402aAB  2198 ± 323a 2090 ± 96aB  
Total peak area   60664 ± 1793
a 55079 ± 3378aA  59500 ± 1098a 56002 ± 353bA  60663 ± 728a 59623 ± 729aA  
I Compounds collated by Flament (2002). Mean values (n=3) with different letters (a-b) in the same row indicate statistical differences between unfermented and fermented roasted coffee 
bean samples at 5% significance level (p<0.05). Mean values with different letters (A-C) in the same row indicate statistical differences between light, medium and dark roasted 
fermented coffee beans samples. Identification method: MS= mass spectrum, LRI = linear retention indices from literature values. LRIa refers to values obtained from Mondello et al. 
(2005); LRIb refers to values obtained from Moon and Shibamoto (2009); LRIc refers to values obtained from Nebesny et al. (2007); LRId refers to values obtained from Gonzalez-Rios et 
al. (2007b); LRIe refers to values obtained from Lopez-Galilea et al. (2006).  
137 
 
The decrease in pyrazine levels from light to dark roast (similar to roasting 
trends presented in section 4.3.2 in Chapter 4) was synonymous with the 
concentration profiles of pyrazine derivatives like 2-ethyl-5-methylpyrazine and 
2,3,5-trimethylpyrazine that were reported (Schenker et al., 2002). Such a trend 
could primarily be attributed to volatiles losses and the participation of volatile 
compounds like ketones in further Maillard reaction processes as roasting 
proceeded. Furthermore, volatile compounds of both processing (2,3-butanedione 
and 2-phenylethyl alcohol) and thermal (pyrazines) origins were susceptible to 
thermal degradation at increasing roast levels (Schenker et al., 2002). 
The levels of volatile phenols showed a J-shaped relationship as roast 
degree increased. This could be explained by the higher rate of volatile formation 
at later stages of roasting which was supported by the conversion of p-
vinylguaiacol into guaiacol at increasing roast levels (Dorfner et al., 2003). On the 
other hand, the levels of furans and furanones remained unchanged while 
pyridines and pyrroles levels increased at increasing roast degrees. The latter was 
consistent with observations reported by Baggenstoss et al. (2008).  
6.3.3 Effects of fermentation on the volatile profiles of coffees  
Modulation of the volatile profiles of roasted coffees via the fermentation 
of green coffee beans by Y. lipolytica can arise from the modification of aroma 
precursors before roasting or the preservation of volatile profile changes in green 
coffees induced by fermentation after roasting (Chapter 5). The latter was evident 
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in volatile compounds such as acids, alcohols, volatile phenols and lactones at 
light, and to some extent, medium roast levels.  
From Table 6.2, the lower levels of acids in fermented coffees at light and 
medium roast levels were mainly attributed to a decrease in acetic acid levels. 
This could be correlated with lower acetic acid levels in fermented green coffees 
(Table 5.1 in Chapter 5) brought about by acid catabolism by Y. lipolytica before 
roasting. On the other hand, the higher levels of 2-phenylethyl alcohol, p-
vinylguaiacol and 4-vinylphenol in green fermented coffee beans resulting from 
the metabolism of aroma precursors by Y. lipolytica during fermentation (Table 
5.1 in Chapter 5) would account for the detection or the higher levels of the 
aforementioned compounds in fermented light roasted coffee beans. γ-
Butyrolactone levels were 5 times higher in light and medium roasted fermented 
coffees than unfermented coffees. The mechanisms leading to lactone formation 
during roasting have not been completely established. Nevertheless, the increase 
in γ-butyrolactone levels in green fermented coffees, which was of a lower 
magnitude, could partially account for its heightened levels after roasting. 
The effects of the modification of aroma precursors in green coffee beans 
via Y. lipolytica fermentation on the volatile profiles of roasted coffees were also 
evident (Table 6.2). Diketones like 2,3-butanedione which has buttery aroma 
attributes were found to be generated from lipid degradation, caramelization or 
Maillard reactions (Yeretzian et al., 2002). Therefore, the significantly lower 
levels of 2,3-butanedione, 2,3-pentandione and acetoin detected in light roasted 
fermented coffee beans could be attributed to decreases in the concentrations of 
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aroma precursors like free amino acids and sugars (Tables 5.2 and 5.3 in Chapter 
5).  
The higher levels of sulfur compounds detected in light roasted fermented 
coffees were likely the consequence of the changes in the amino acids profile of 
green coffees induced by Y. lipolytica fermentation. Similar to ketones, sulfur 
compounds are generated from Maillard reaction as well as from the Strecker 
degradation of sulfur-containing amino acids like cysteine (Mottram, 2007). After 
fermentation, the concentrations of most amino acids decreased with the 
exception of cysteine (Table 5.3 in Chapter 5). This increased the proportion of 
cysteine in the free amino acids profile of green fermented coffee beans, leading 
to lower competition for pathways responsible for volatile sulfur compounds 
formation at lower roast levels. Thus, this would account for the higher levels of 
sulfur compounds in light roasted fermented coffee compared to unfermented 
coffee.  
One notable observation was the lack of significant differences in the 
pyrazines, furan and furanones levels between fermented and unfermented coffees 
at all degrees of roast. These volatile compounds are generated from different 
stages of the Maillard reaction. Pyrazines are formed from the condensation of α-
aminoketones derived from the Strecker degradation of amino acids and products 
of sugar dehydration while furan and furanones were the products of sugar 
dehydration and fragmentation (Mottram, 2007). Therefore, it was noted that 
decreases in the concentrations of sugars and amino acids precursors in green 
coffee beans after fermentation did not correspond to changes in the levels of the 
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aforementioned compounds after roasting. One possible explanation could be the 
flux of aroma precursors generated from the thermal degradation of proteins 
(Montavon et al., 2003) and polysaccharides such as galactomannans and 
arabinogalactans (Oosterveld, Harmsen, Voragen, & Schols, 2003) during 
roasting which might have negated the effects of Y. lipolytica fermentation. 
Nevertheless, this would suggest that the aroma attributes associated with these 
volatile compounds, caramellic, nutty, earthy and roasty, were not impaired.   
Upon roasting, fermentation effects were most evident at light roast level, 
which was consistent with the literature (Gonzalez-Rios et al., 2007b), but 
diminished as the degree of roast increased. As roasting proceeded, fermentation 
effects were nullified by the impact of the continual progression of Maillard 
reaction and thermal degradation pathways as well as other thermal reactions. The 
heightened level of p-vinylguaiacol detected in light roasted fermented coffee 
compared to unfermented coffee was expected to decrease as roasting proceeded. 
This was due to the lower phenolic acids concentration in green fermented coffee 
induced by Y. lipolytica metabolism (Table 5.2 in Chapter 5) and the continual 
generation of phenolic acid precursors from the thermal degradation of 
hydroxycinnamic esters like feruloylquinic acid during roasting (Dorfner et al., 
2003). Consequently, the effects of green coffee beans fermentation by Y. 
lipolytica on the volatile profiles of roasted coffees were most pronounced at light 
roast and could be further understood by evaluating the non-volatile profiles of 
light roasted coffees. 
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6.3.4 Effects of fermentation on the non-volatile profiles and antioxidant 
activities 
The volatile profiles of roasted coffees are directly correlated and 
influenced by the aroma precursors present in green coffee beans. Table 6.3 
shows the effects of Y. lipolytica fermentation on the non-volatile profiles 
(organic, phenolic and amino acids) of light roasted coffees. 
The decrease in citric acid and increase in succinic acid concentrations 
after roasting (Table 5.2 in Chapter 5 and Table 6.3 of this chapter) was consistent 
with observations in section 4.3.4 of Chapter 4 and corroborated the generation of 
succinic acid from citric acid degradation during roasting (Balzer, 2001). The 
absence of lactic acid in both light roasted fermented and unfermented coffees 




Table 6.3. Effects of Y. lipolytica fermentation on the non-volatile profiles of 
light roasted coffee beans 
Compounds  Unfermented Fermented 
Organic acids, mg/g dry wt.   





 Tartaric acid Trace Trace 
 Malic acid 3.57 ± 0.31
a
  3.46 ± 0.23
a
 
 Quinic acid 11.06 ± 0.24
a
 10.81 ± 0.32
a
 
 Succinic acid 19.86 ± 2.27
a
 15.65 ± 3.61
a
 
 Acetic acid Trace Trace 
 Total 40.41 ± 1.36
a
 35.89 ± 3.18
a
 
Phenolic acids, mg/g dry wt.   
 Chlorogenic acid 9.88 ± 0.87
a
 10.07 ± 0.77
a
 
 Caffeic acid Trace Trace 
 p-coumaric acid 0.21 ± 0.03
a
 0.17 ± 0.04
a
 
 Ferulic acid 0.01 ± 0.00 Trace 
 Sinapic acid  Trace Trace 
 Total  10.10 ± 0.84
a
 10.24 ± 0.75
a
 
Amino acids, mg/kg dry wt.   





 NH3 13.14 ± 2.30
a
 16.35 ± 6.04
a
 
 Total  65.22 ± 5.34
a
 68.15 ± 7.80
a
 
Mean values (n=3) with different letters (a-b) in the same row indicate 
statistical differences at 5% significance level (p<0.05). Trace: LOD < 





The thermal degradation of chlorogenic acid during roasting would 
contribute to the higher quinic acid concentrations in light roasted coffees 
compared to green coffees. One notable observation was that the extents of quinic 
acid formation in both light roasted fermented and unfermented coffees were 
relatively similar despite the 3-folds difference in the extents of chlorogenic acid 
degradation. Furthermore, for both light roasted fermented and unfermented 
coffees, the degradation of chlorogenic acid could not entirely account for the 
increase in quinic acid concentration. This could likely be explained by the 
formation of quinic acid from other avenues such as the thermal degradation of 
hydroxycinnamic acid esters and polyphenolic compounds during roasting. 
Furthermore, the hydroxycinnamic acids (ferulic and p-coumaric acids) that were 
generated from the thermal degradation of such compounds could partially 
account for the heightened levels of volatile phenolic and guaiacol derivatives in 
light roasted fermented coffee (Table 6.2). 
The higher concentrations of p-coumaric acid detected in light roasted 
coffees compared to ferulic and caffeic acids could be explained by the lower 
reactivity of mono-substituted hydroxycinnamic acids towards thermal 
degradation (Homma, 2001). Therefore, the degradation of chlorogenic acid did 
not correspond to an increase in caffeic acid concentrations in light roasted 
coffees as they are spontaneously degraded into volatile phenolic compounds 
during roasting.  
Another notable observation was that only NH3 and glycine were detected 
in light roasted fermented and unfermented coffees. The latter was partially 
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regenerated from condensation products of the Maillard reaction (Van Boekel & 
Martins, 2002). It was inferred that the other amino acids detected in green coffee 
beans (Table 5.3 in Chapter 5), had been degraded via Maillard reaction or other 
pyrolytic pathways.  
As the concentrations of Arg, Thr, Ala, Pro, Val, Lys, Leu and Phe were 
lower in green fermented coffees as a consequence of Y. lipolytica metabolism, a 
lower extent of amino acids degradation during roasting would be expected for 
fermented coffee compared to unfermented coffee. Furthermore, amino acids like 
Pro, Lys and Phe were highly reactive and exerted strong influences on pyrazine 
formation during Maillard reaction (Hwang et al., 1995). Nevertheless, pyrazine 
formation in fermented coffees was compensated by the higher levels of NH3 
present, as it was found to contribute heavily to pyrazine formation through its 
reaction with reducing sugars (Koehler et al., 1969). Therefore, this would also 
account for the similar levels of pyrazines detected in light roasted fermented and 
unfermented coffees (Table 6.2). 
Table 6.4 shows the total polyphenol content and DPPH scavenging 
activities of light roasted fermented and unfermented coffees. With reference to 
green coffee beans (Table 5.4 in Chapter 5), an increase in antioxidant activities 
was observed at light roast levels (with the exception of DPPH assay for 
unfermented coffee), which was largely consistent with previous findings (del 
Castillo, Ames, & Gordon, 2002). Both Folin-Ciocalteu and DPPH assays showed 
that there were no significant changes in the antioxidant activities of light roasted 
coffees following Y. lipolytica fermentation. This was synonymous with the 
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similar concentrations of non-volatile phenolic compounds detected in fermented 
and unfermented coffees. It should also be noted that the decrease in the 
antioxidant activities of green coffees observed after fermentation was not 
retained at light roast levels. 
Table 6.4. Effects of Y. lipolytica fermentation on the antioxidant activities of 
light roasted coffee beans 
Antioxidant assay type Unfermented Fermented 





DPPH (mg trolox/g) 45.52 ± 0.92
a
 46.24 ± 2.08
a
 
Mean values (n=3) with different letters (a-b) in the same row indicate 
statistical differences at 5% significance level (p<0.05) 
 
6.4 Conclusion 
  The effects of Y. lipolytica fermentation of green coffee beans on the 
volatile profiles of light, medium and dark roasted coffees were evaluated. The 
fermentation effects were most evident at light roast levels and they were 
accounted for by characterizing the non-volatile profiles of light roasted coffee.  
Changes in the volatile profiles of roasted coffees arose from both the 
modification of aroma precursors prior to roasting and the retention of volatile 
profile changes observed in green coffee beans after roasting. The levels of p-
vinylguaiacol, 4-vinylphenol and γ-butyrolactone were significantly higher in 
light roasted fermented coffee compared to unfermented coffee and these were 
attributed to their higher levels detected in green fermented coffee. On the other 
hand, the increase in sulfur compounds levels and decrease in ketone levels were 
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attributed to changes in the concentrations of amino acids and sugars induced by 
Y. lipolytica fermentation. Therefore, the yeast fermentation of green coffee beans 
presents a novel method of coffee aroma modulation which offers greater 




CHAPTER 7  
EFFECTS OF SUCROSE MONOPALMITATE (P90), TWEEN 
80 AND MODIFIED STARCH ON COFFEE AROMA 
RETENTION AND RELEASE IN COFFEE OIL-BASED 
EMULSIONS 
7.1 Introduction  
Consumer’s perception of aroma from food matrices, which contained 
emulsion systems for controlled aroma release, is dependent on the release of 
aroma compounds into the headspace following diffusion among the respective 
phases (i.e. oil, water phases, oil-water and water-air interfaces) (de Roos, 2000). 
Numerous studies have established that such aroma release is influenced by 
factors such as the type of emulsifiers, structural, compositional properties of the 
emulsion system and other ingredients present within the food matrix. 
Sucrose monoesters are non-ionic emulsifiers which are increasingly being 
utilized within the food and beverage industry as they are biodegradable, non-
toxic, odorless, tasteless (Szuts, Pallagi, Regdon Jr., Aigner, & Szabo-Revesz, 
2007) and possess superior emulsifying properties. Sucrose monopalmitate, 
consisting of a palmitic acid (C16) attached to a sucrose molecule, has a high 
hydrophilic-lipophilic balance (HLB) value which enables the formation of stable 
O/W emulsions. Although the stability and physicochemical properties of sucrose 
148 
 
monopalmitate-stabilized emulsions have been evaluated previously (Rao & 
McClements, 2011), its effects on aroma release have not been evaluated.  
On the other hand, Tween 80 and modified starch are two emulsifiers 
which are commonly used in the formation of stable O/W emulsions for 
beverages. Tween 80 consists of a single oleic acid (C18) attached to a 
polyoxyethylene sorbitan group while modified starch (starch sodium octenyl 
succinate) consists of an amylopectin molecule attached with non-polar groups 
(Piorkowski & McClements, 2014). A review of the literature showed that the 
effects of Tween 80 and modified starch on aroma release have not been 
evaluated in food matrices comprising of volatile compounds of wide-ranging 
polarities. Instead, their effects on aroma release (i.e. the influence of varying 
emulsifier concentrations and other emulsion components) have mainly been 
evaluated in model emulsion systems consisting of a few volatile compounds of 
contrasting polarities (Cheong et al., 2014; Li et al., 2016). Such studies would be 
less relevant for practical beverage applications. Nevertheless, they could help 
account for some of the observations made in this study. 
Therefore, the objective of this study was to evaluate the effects of sucrose 
monopalmitate, Tween 80 and modified starch on coffee aroma retention and 
release, with the aim of enriching instant coffee aroma. The volatile profiles of 
sucrose monopalmitate-, Tween 80-, and modified starch-stabilized O/W coffee 
emulsions (coffee oil as the flavor matrix) before, after freeze-drying and upon 
spiking into instant coffees mix were evaluated and compared.  
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7.2 Materials and methods  
7.2.1 Emulsifiers and chemicals 
Glucidex
®
 Maltodextrin 9 (Dextrose equivalent (DE) value = 9) was 
purchased from Roquette (Lestrem, France), starch sodium octenyl succinate (MS) 
from Ingredion Incorporated (Illinois, USA), polyoxyethylene (20) sorbitan 
monooleate (Tween 80) from Euro Chemo-Pharma Sdn Bhd (Perai, Malaysia), 
Ultralec
®
 F deoiled lecithin from Archer Daniels Midland Company (Illinois, 
USA), coffee flavor oil 520736 T from Firmenich Asia Pte Ltd (Singapore), 
Neobee
® 
1053 (caprylic/capric triglyceride acting as flavor carrier) from Stepan 
Company (Illinois, USA), saturated alkane standards (C7 to C40) from Supleco, 
Sigma Aldrich (Barcelona, Spain) and sucrose monopalmitate (Habo Monoester 
P90) from Compass Foods Pte. Ltd. (Singapore). The supplier indicated that Habo 
Monoester P90 comprised of minimum 90% sucrose monopalmitate with a HLB 
value of 18.5. 3-in-1 instant coffee (low-fat) was purchased from a local 
supermarket in Singapore.   
7.2.2 Emulsion preparation and particle size measurements 
The formulations used for the preparation of P90-, Tween 80- and MS-




Table 7.1. Formulations of P90, Tween 80 and MS-stabilized coffee emulsions 
Emulsion 
components 
Percentage composition by mass/% 
P90 Tween 80 MS 
Oil phase    
Coffee flavor oil  9.5 9.5 9.5 
Neobee 0.5 0.5 - 
Aqueous phase    
Emulsifier 3 7.5 10 
Maltodextrin 24 15 15 
Deoiled lecithin  3 2.5 - 
Deionized water 60 65 65.5 
“-“ indicated that component was not added  
 
For all three emulsions, the aqueous phase components were first sheared 
at 7000 rpm to 50 °C (Silverson L4RT, Massachusetts, USA), then cooled to 
20 °C prior to the addition of the oil phase components and followed by shearing 
at the same speed to 37 °C. A P90-stabilized coffee emulsion was obtained 
thereafter. Tween 80- and MS-stabilized emulsions were subsequently subjected 
to two-stage homogenization at 40/0 MPa (first phase/second phase pressure) for 
3 cycles and 17/4 MPa for 2 cycles, respectively. The respective control samples 
were prepared with the same formulation excluding the emulsifier, in a similar 
manner. Both the emulsion and control samples were prepared in triplicate.  
 The emulsions were diluted 150-fold with deionized water prior to particle 
size measurements (Brookhaven NanoBrook Omni, NY, USA) over 6 days.  
151 
 
7.2.3 Freeze-drying of emulsions 
P90-, MS- and Tween 80-stabilized coffee emulsions and their respective 
control samples were freeze-dried for 3 days and stored in a desiccator throughout 
the analysis. % weight loss after freeze-drying was determined.  
7.2.4 Volatile profile analysis of coffee oil, coffee emulsions, reconstituted 
freeze-dried emulsions, and instant coffee spiked with freeze-dried emulsions 
  The volatile profiles of the respective sample matrices were analyzed via 
HS-SPME-GC-MS/FID with a Carboxen/PDMS SPME fiber (85-µm film 
thickness) and optimized HS-SPME parameters (data not shown) that were unique 
to each matrix. Coffee oil (2 g) was extracted in a screw-top headspace vial at 
80 °C for 45 min while P90-, MS- and Tween 80-stabilized coffee emulsions 
(5.263 g) were extracted at 40 °C for 45 min. The respective freeze-dried 
emulsions were reconstituted with deionized water based on the % weight loss 
incurred during freeze-drying and then subjected to the same HS-SPME 
parameters as the emulsions. The freeze-dried emulsions (0.1 % w/w) were spiked 
into an instant coffee mix (20 g) and reconstituted with deionized water (150 ml) 
at 80 °C based on the packaging instructions. Spiked instant coffee samples (5 ml 
each) were extracted at 60 °C for 30 min.  
 The GC-MS/FID conditions employed for volatile profile analysis of the 
respective matrices can be found in section 3.2.4 in Chapter 3. Subsequently, the 
volatile compounds were identified with Wiley database, linear retention indices 
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derived using C7-C40 alkane standards and semi-quantified with GC-FID peak 
areas.  
7.3 Results and discussion  
7.3.1 Volatile profile of coffee oil 
A total of 38 compounds consisting of acids, aldehyde, ester, furans, 
ketones, pyrazines, pyridines, phenolic and sulfur compounds (Table 7.2) were 
detected in the headspace of coffee oil. Most of the volatile compounds have been 
established as potent odorants of coffee aroma. Ketones, aldehyde (2-
methylbutanal) and furans were the major compounds in terms of peak areas and 
they accounted for 36%, 15% and 17% of the total peak area, respectively. One 
notable observation was that 2-hydroxy-3-methyl-2-cyclopenten-1-one, which is 
associated with caramelic and coffee-like attributes, accounted for 65% of the 
total ketone levels. Other classes of potent odorants like pyrazines, phenolic and 
sulfur compounds accounted for 6%, 12% and 2% of the total peak area, 
respectively. Fewer volatile compounds were also detected in the headspace of 
coffee oil compared to roasted coffee grounds (Gonzalez-Rios et al., 2007b). This 
could be attributed to the selectivity and efficient recovery of the coffee oil 
extraction process which would influence its corresponding volatile profile 
(Sarrazin, Le Quere, Gretsch, & Liardon, 2000). Furthermore, since the lipid 
fraction was found to be a good solvent for coffee volatiles, the transfer of 
volatiles into the headspace could be impeded to some extent (de Oliveira et al., 
2005), leading to the detection of comparatively fewer volatile compounds.  
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Table 7.2. GC-FID peak areas and odor descriptions of volatiles identified in the headspace of coffee oil 
Volatile compounds 
LRI 






Acids      
Acetic acid 1458 1468 15.94 ± 2.10 Acidic, sharp, pungent MS, LRI
a,b,c,d
  
Propanoic acid 1546 1539 5.18 ± 0.34 Pungent, acidic, dairy-like MS, LRI
a,c
 
Butanoic acid 1632 1634 118.10 ± 10.53 Sharp, cheesy, buttery MS, LRI
a
 
Pentanoic acid 1676 1557 12.71 ± 0.30 Acidic, sharp, cheese-like MS, LRI 
Total acids   151.92 ± 13.26   
Aldehyde      
2-methylbutanal -  728.28 ± 18.12 Musty, coffee-like, chocolate-like MS 
Total aldehyde   728.28 ± 18.12   
Ester      
Ethyl nonanoate 1542  11.92 ± 0.53 Fruity, waxy, rose-like MS 
Total ester   11.92 ± 0.53   
Furans      
Furfural 1485 1490 536.73 ± 7.86 Sweet, woody, caramelic MS, LRI
a,b,c,d,e
 
2-acetylfuran 1522 1527 0.75 ± 0.08 Sweet, nutty, roasted MS, LRI
a,b,c,e
 
5-methylfurfural 1596 1596 270.50 ± 5.69 Sweet, caramelic, coffee-like MS, LRI
a,b,c,d,e
 
Total furans   807.99 ± 12.01   
Ketones      
2,3-pentanedione 1065 1062 419.64 ± 13.66 Buttery, nutty, roasted MS, LRI
a,b,d,e
 
2,4-dimethyl-3-pentanone 1134 1137 7.93 ± 0.91 Acetone-like MS, LRI
a
 
Acetoin 1295 1289 114.95 ± 9.56 Sweet, buttery, creamy MS, LRI
a,b,c,d
 
Methylacetophenone 1799  4.12 ± 0.71 Sweet, creamy, fruity MS 
2-hydroxy-3-methyl-2-cyclopenten-1-one 1857 1857 1097.59 ± 95.80 Caramelic, coffee-like MS, LRI
a,c,d 
3,4-dimethyl-1,2-cyclopentanedione 1860  39.21 ± 2.43 Sweet, maple, caramelic MS 
Total ketones   1683.43 ± 123.03   
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Table 7.2. (Continued) 
Volatile compounds 
LRI 






Phenolics      
Phenol 2023 2030 207.84 ± 15.15 Phenolic, plastic, rubbery MS, LRI
a,c
 
4-ethyl guaiacol 2051 2023 9.04 ± 1.45 Spicy, smoky, phenolic MS, LRI
a,d,e
 
3,5-dimethylphenol 2245  171.33 ± 11.89 Phenolic, coffee-like MS 
2,6-dimethoxyphenol 2296  137.40 ± 8.98 Smoky, phenolic, woody MS 
Vanillin 2606  22.62 ± 0.81 Sweet, vanilla, creamy MS 
Total phenolics   548.22 ± 26.28   
Pyrazines      
2-ethyl-3-methylpyrazine 1415 1414 104.26 ± 5.37 Nutty, musty, earthy MS, LRI
a,b,e
 
2,5-dimethyl-3-ethylpyrazine 1453 1474 2.86 ± 0.52 Roasted, nutty, cocoa-like MS, LRI
b
 
2,3-diethylpyrazine 1463  2.22 ± 0.13 Nutty, raw, green pepper-like MS 
2-ethyl-3,5-dimethylpyrazine 1470  7.92 ± 0.39 Nutty, roasted, caramelic MS 
2-acetylpyrazine 1648 1665 4.32 ± 0.33 Musty, roasted, popcorn-like MS, LRI
a,b
 
5-methylquinoxaline 2002  160.16 ± 2.48 Nutty, roasted, burnt MS 
Total pyrazines   281.75 ± 8.02   
Pyridine      
3-ethylpyridine 1392 1387 59.26 ± 11.69 Tobacco, oak moss, leather MS, LRI
a
 
Total pyridine   59.26 ± 11.69   
Sulfur compounds      
Methanethiol -  13.34 ± 1.50 Sulfurous, cabbage-like MS 
Dimethyl sulfide -  35.78 ± 2.62 Sulfurous, cabbage-like, onion-like MS 
Dimethyl disulfide 1082 1086 23.67 ± 0.20 Sulfurous, cabbage-like, onion-like MS, LRI
b,d
 
2-methyl-5-(methylthio)-furan 1383  3.00 ± 0.23 Sulfurous, garlic-like, onion-like MS 
Furfuryl methyl sulfide 1500 1506 13.36 ± 0.82 Sulfurous, pungent, garlic-like MS, LRI
a,b,d,e
 
Furfuryl thioacetate 1787  6.59 ± 0.49 Sulfurous, roasted, burnt MS 





Table 7.2. (Continued) 
Volatile compounds 
LRI 






Total sulfur compounds   100.71 ± 2.97   
Others      
p-α-dimethyl styrene 1449  92.02 ± 0.22 Phenolic, spicy, coffee-like MS 
4-carvomenthenol 1612  35.07 ± 3.90 Woody, earthy, peppery MS 
4-vinyl-2-methoxybenzene 2224  7.98 ± 0.11 Sweet MS 
Triethyl citrate 2490  232.69 ± 5.43 Odorless MS 
Total   4741.24 ± 226.73   
Identification methods: MS = mass spectrum; LRI refers to linear retention indices obtained from literature (LRI
a
 referred to values obtained from Gonzalez-
Rios et al. (2007b); LRI
b
 refers to values obtained from Sanz, Ansorena, Bello and CID (2001); LRI
c
 refers to values obtained from Moon and Shibamoto 
(2009); LRI
d
 refers to values obtained from Nebesny et al. (2007); LRI
e
 refers to values obtained from Lopez-Galilea et al. (2006). Odor descriptions
f
 were 




7.3.2 Particle sizes of P90-, MS- and Tween 80-stabilized coffee emulsions 
Particle size was used as an indicator of emulsion stability. Fig. 7.1 shows 
the mean particle diameters of the respective coffee emulsions monitored over 6 
days at room temperature. P90- and Tween 80-stabilized coffee emulsions were 
relatively stable to particle aggregation as their mean particle diameters remained 
relatively similar over 6 days. On the contrary, there was a 35 % increase in the 
mean particle diameter of MS-stabilized coffee emulsion for the initial 2 days 
before stabilizing over the next 4 days. The mean particle diameter of P90-
stabilized coffee emulsion was comparatively lower than that of MS- and Tween 
80-stabilized coffee emulsions. This was attributed to the higher HLB value of 
P90 (18.5) compared to MS (10-12) (Wang, Li, Chen, Xie, Yu, & Li, 2011) and 
Tween 80 (15) (Piorkowski & McClements, 2014), rendering it a better emulsifier 




Fig. 7.1. The effects of emulsifier (P90 (●), MS (■) and Tween 80 (▲)) on the 
mean particle diameters of O/W coffee emulsions monitored over 6 days. 
 
7.3.3 Influence of emulsifiers on volatile profiles of coffee emulsions   
The volatile compounds detected in the headspaces of P90-, MS- and 
Tween 80-stabilized coffee emulsions and their respective GC-FID peak areas are 
shown in Table 7.3. Since the oil load for the P90-, MS- and Tween 80-stabilized 
coffee emulsions and their respective controls was similar, the differences in the 
volatile levels were mainly attributed to the influence of the emulsifier on the 
partitioning of volatile compounds between the emulsion (or control) and 
headspace. One notable observation was that the total volatile levels of P90- and 
Tween 80-stabilized coffee emulsions were significantly lower compared to the 
respective controls but the total volatile levels of MS-stabilized coffee emulsion 


























Days of storage 
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Aldehydes, phenolic and sulfur compounds levels were 40%, 30% and 36% 
significantly lower in the P90-stabilized coffee emulsion than the control, 
respectively. On the other hand, the levels of acids, aldehydes, ester, furans, 
pyrazines and phenolic compounds were 18%, 8%, 40%, 7%, 21% and 38% 
significantly lower in the Tween 80-stabilized coffee emulsion than the control, 
respectively, while the phenolic compounds levels were 13% lower in the MS-
stabilized coffee emulsion compared to the control. Such observations indicated 
that these volatile compounds were retained within the emulsion system and the 
extent of the retention of volatile compounds was dependent on the type of the 
emulsifier. On the contrary, furans levels in the P90- and MS-stabilized coffee 
emulsions were 16% and 4% significantly higher than the control, respectively. 
This highlighted that P90 and MS promoted the release of furans. Even though 
previous studies have shown the influence of the type of emulsifier (Tween 80 
and sucrose esters) on the release and retention of volatile compounds (Li et al., 




Table 7.3. Semi-quantification (GC-FID peak areas) of volatile compounds of P90-, MS-, Tween 80-stabilized coffee emulsions and 
their respective controls 
Volatile compounds 
GC-FID peak area (×106) 













Acids         
Acetic acid 4.82 ± 0.43
a
 6.28 ± 0.09
b
  4.99 ± 0.84
a
 5.81 ± 0.54
a
  6.25 ± 0.46
a
 5.40 ± 0.19
b
 
Propanoic acid 2.66 ± 0.32
a
 2.11 ± 0.24
a
  2.36 ± 0.18
a
 2.21 ± 0.18
a
  1.69 ± 0.32
a
 1.43 ± 0.12
a
 
Butanoic acid 18.57 ± 1.81
a
 22.40 ± 1.21
b
  24.39 ± 2.95
a
 29.98 ± 1.90
a
  21.85 ± 1.49
a
 18.75 ± 1.02
b
 
Pentanoic acid 4.07 ± 0.90
a
 3.41 ± 1.16
a
  3.52 ± 0.28
a
 3.26 ± 0.57
a
  3.58 ± 0.66
a
 1.80 ± 0.18
b
 
Total acids 30.12 ± 2.69
a
 34.19  ± 2.15
a
  35.26 ± 4.02
a
 41.27 ± 1.80
a
  33.37 ± 1.04
a
 27.37 ± 1.11
b
 
Aldehyde         
2-methylbutanal 422.67 ± 17.68
a
 254.03 ± 57.93
b
  416.43 ± 34.54
a
 472.67 ± 15.62
a
  387.84 ± 13.72
a
 355.37 ± 7.21
b
  
Total aldehyde 422.67 ± 17.68
a
 254.03 ± 57.93
b
  416.43 ± 34.54
a
 472.67 ± 15.62
a
  387.84 ± 13.72
a
 355.37 ± 7.21
b
 
Ester         
Ethyl nonanoate 18.74 ± 4.32
a
 15.52 ± 0.41
a
  42.31 ± 10.84
a
 48.78 ± 3.87
a
  30.22 ± 2.53
a
 17.93 ± 0.45
b
 
Total ester 18.74 ± 4.32
a
 15.52 ± 0.41
a
  42.31 ± 10.84
a
 48.78 ± 3.87
a
  30.22 ± 2.53
a
 17.93 ± 0.45
b
 
Furans         
Furfural 378.64 ± 10.67
a
 434.31 ± 10.97
b
  371.50 ± 2.97
a
 386.20 ± 6.90
b
  380.69 ± 4.50
a
  358.99 ± 5.15
b
 
2-acetylfuran 0.40 ± 0.06
a
 0.53 ± 0.02
b
  0.41 ± 0.03
a
 0.46 ± 0.05
a
  0.44 ± 0.02
a
 0.54 ± 0.03
b
 
5-methylfurfural 207.37 ± 3.98
a
 242.71 ± 2.65
b
  201.28 ± 5.41
a
 211.06 ± 1.61
b
  213.39 ± 2.70
a
 195.21 ± 1.41
b
 
Total furans 586.41 ± 14.52
a
 677.55 ± 8.36
b
  573.19 ± 8.36
a
 597.73 ± 8.17
b
  594.52 ± 2.28
a
 554.74 ± 5.57
b
 
Ketones         
2,3-pentanedione 200.51 ± 15.23
a
 185.59 ± 29.70
a
  198.37 ± 5.22
a
 213.25 ± 1.74
b
  193.97 ± 2.89
a
  186.83 ± 1.61
b
 
2,4-dimethyl- 3-pentanone 4.80 ± 0.38
a
 4.48 ± 0.61
a
  5.57 ± 0.17
a
 5.17 ± 0.04
b
  4.90 ± 0.13
a
 4.40 ± 0.07
b
 
Acetoin 19.98 ± 4.58
a
 27.75 ± 4.24
a
  17.96 ± 3.88
a
 25.72 ± 3.56
a
  23.13 ± 2.92
a





Table 7.3. (Continued) 
Volatile compounds 
GC-FID peak area (×106) 













Methylacetophenone 1.78 ± 0.15
a
 1.19 ± 0.12
b
  2.28 ± 0.20
a
 1.78 ± 0.27
a
  1.55 ± 0.08
a






































 7.13 ± 0.40
a
 
Total ketones 350.35 ± 39.42
a
 347.28 ± 42.74
a
  404.77 ± 16.03
a
 435.49 ± 51.10
a
  326.88 ± 13.78
a
 309.34 ± 9.17
a
 
Phenolics         
Phenol 100.70 ± 5.73
a
 94.34 ± 1.16
a
  111.76 ± 2.47
a
 105.34 ± 4.53
a
  99.32 ± 3.31
a
 63.38 ± 1.02
b
 
4-ethyl guaiacol 4.85 ± 0.81
a
 3.10 ± 0.27
b
  5.62 ± 0.41
a
 4.66 ± 0.25
b
  4.48 ± 0.35
a
 3.41 ± 0.16
b
 
3,5-dimethylphenol 117.72 ± 21.03
a
 68.82 ± 6.72
b
  140.49 ± 19.30
a
 112.09 ± 8.61
a
  107.29 ± 11.84
a
 61.70 ± 2.27
b
 
2,6-dimethoxyphenol 27.80 ± 5.33
a
 10.32 ± 1.34
b
  38.81 ± 4.89
a
 34.15 ± 3.59
a
  14.82 ± 4.44
a
 11.43 ± 1.37
a
 
Vanillin 1.33 ± 0.26
a
 0.33 ± 0.09
b
  1.44 ± 0.42
a
 1.74 ± 0.12
a
  0.97 ± 0.22
a
 0.48 ± 0.03
b
 
Total phenolics 252.40 ± 31.52
a
 176.92 ± 8.25
b
  298.13 ± 18.26
a
 257.98 ± 10.41
b
  226.89 ± 13.70
a
 140.40 ± 4.51
b
 
Pyrazines         
2-ethyl-3-methylpyrazine 54.29 ± 2.04
a
 64.30 ± 1.13
b
  51.97 ± 2.82
a
 56.40 ± 1.37
a
  59.38 ± 2.54
a
 54.30 ± 1.19
b
 
2,5-dimethyl-3-ethylpyrazine 0.76 ± 0.03
a
 0.60  ± 0.04
b
  1.28 ± 0.09
a
 1.09 ± 0.31
a
  0.78 ± 0.07
a
 0.57 ± 0.02
b
 
2,3-diethylpyrazine 3.98 ± 0.79
a
 4.23 ± 0.25
a
  4.63 ± 1.08
a
 5.27 ± 0.15
a
  4.49 ± 0.10
a
 4.44 ± 0.15
a
 
2-ethyl-3,5-dimethylpyrazine 5.11 ± 0.25
a
 6.43 ± 0.07
b
  5.28 ± 0.53
a
 5.91 ± 0.28
a
  6.45 ± 0.48
a
 5.41 ± 0.17
b
 
2-acetyl pyrazine 1.87 ± 0.04
a
 2.22 ± 0.08
b
  1.66 ± 0.26
a
 2.12 ± 0.14
a
  1.78 ± 0.02
a
 1.63 ± 0.09
b
 
5-methylquinoxaline 132.93 ± 17.06
a
 90.49  ± 13.94
b
  166.18 ± 11.94
a
 145.29 ± 10.94
a
  142.70 ± 16.31
a
 102.19 ± 5.32
b
 
Total pyrazines 198.94 ± 15.93
a
 168.27 ± 14.18
a
  231.00 ± 15.97
a
 216.07 ± 11.80
a
  215.58 ± 19.08
a
 168.54 ± 6.69
b
 
Pyridine         
3-ethylpyridine 12.29 ± 2.33
a
 15.09 ± 0.24
a
  2.21 ± 0.52
a
 1.57 ± 0.42
a
  14.68 ± 2.41
a





Table 7.3. (Continued) 
Volatile compounds 
GC-FID peak area (×106) 













Total pyridine 12.29 ± 2.33
a
 15.09 ± 0.24
a
  2.21 ± 0.52
a
 1.57 ± 0.42
a
  14.68 ± 2.41
a
 15.36 ± 0.83
a
 
Sulfur compounds         
Methanethiol 8.51 ± 0.96
a
 5.04 ± 0.88
b
  9.09 ± 1.15
a
 9.44 ± 0.32
a
  8.93 ± 0.30
a
 8.35 ± 0.28
a
 
Dimethyl sulfide 22.45 ± 2.13
a
 10.71 ± 3.18
b
  14.62 ± 3.40
a
 21.73 ± 1.17
b
  16.32 ± 1.57
a
  17.31 ± 0.92
a
 
Dimethyl disulfide 12.82 ± 1.33
a
 6.44 ± 1.46
b
  15.61 ± 1.70
a
 13.44 ± 0.42
a
  10.97 ± 0.29
a
 11.61 ± 0.46
a
 
2-methyl-5-(methylthio)-furan 3.06 ± 0.18
a
 2.60 ± 0.02
b
  4.91 ± 0.22
a
 4.54 ± 0.21
a
  3.66 ± 0.13
a
 2.80 ± 0.09
b
 
Furfuryl methyl sulfide 9.00 ± 0.43
a
 7.48 ± 0.29
b
  10.85 ± 0.36
a
 8.89 ± 0.32
b
  8.63 ± 0.76
a
 7.65 ± 0.22
a
 
Furfuryl thioacetate 6.98 ± 0.33
a
 7.21 ± 0.06
a
  9.46 ± 0.89
a
 8.63 ± 0.16
a
  8.56 ± 0.25
a
 6.74 ± 0.18
b
 
Furfuryl methyl disulfide 2.11 ± 0.15
a
 1.97 ± 0.33
a
  2.21 ± 0.09
a
 1.94 ± 0.34
a
  2.46 ± 0.02
a
 2.06 ± 0.14
b
 
Total sulfur compounds 64.93 ± 5.14
a
 41.46 ± 5.58
b
  66.75 ± 4.42
a
 68.60 ± 1.62
a
  59.53 ± 2.03
a
 56.52 ± 0.61
a
 
Other compounds         
p-α-dimethyl styrene 180.73 ± 8.03a 161.43 ± 3.57b  312.50 ± 21.92a 331.17 ± 19.45a  233.30 ± 10.35a 163.11 ± 1.20b 
4-carvomenthenol 27.90 ± 0.50
a
 24.29 ± 0.52
b
  40.29 ± 3.64
a
 37.67 ± 1.38
a
  31.37 ± 1.22
a
 19.27 ± 0.54
b
 
4-vinyl-2-methoxybenzene 5.96 ± 1.74
a
 2.87 ± 0.46
b
  6.60 ± 1.23
a
 5.31 ± 0.85
a
  5.24 ± 0.81
a
 3.20 ± 0.29
b
 
Triethyl citrate 0.16 ± 0.02
a
 0.16 ± 0.05
a
  7.61 ± 1.59
a
 8.08 ± 2.44
a
  0.58 ± 0.12
a
  1.38 ± 0.39
b
 
Total 2151.61 ± 94.63
a
  1919.06 ± 93.90
b
   2437.05 ± 84.64
a
  2522.39 ± 76.11
a
  2160.01 ± 12.96
a
 1832.54 ± 14.48
b
 
Mean values with different letters (a-b) indicate statistical differences at the 0.05 level (p<0.05) between P90-/MS-/Tween 80-stabilized coffee emulsions and 




P90, MS and Tween 80 possess surface-active properties which influence 
volatile release and retention via different ways. MS interacted with volatile 
compounds via hydrogen bonding, complexation, adsorption and hydrophobic 
interactions (Karaiskou, Blekas, & Paraskevopoulou, 2008), all of which would 
limit the transfer of volatiles through the interface into the headspace. This could 
in turn account for the lower levels of pyrazines, pyridines and phenolic 
compounds in the MS-stabilized coffee emulsion than the control. Differences in 
the viscosities of the P90-, MS- and Tween 80-stabilized coffee emulsions 
observed could also influence volatile release and retention to varying extents as 
observed in previous studies (Cheong et al., 2014; Roberts, Elmore, Langley, & 
Bakker, 1996). It was also noted that the particle size of emulsions did not have a 
distinct influence on volatile release and retention which was consistent with 
previous studies (Rabe, Krings, & Berger, 2003). 
The detection of lower levels of some volatile compounds in the 
headspaces of the respective controls could be attributed to the retention of 
volatiles by maltodextrin. Studies have shown that maltodextrin was capable of 
retaining volatiles like alcohols, ketones and esters to varying extents (Goubet, Le 




7.3.4 Influence of emulsifiers on volatile profiles of coffee emulsions after 
freeze-drying  
The loss of volatile compounds during freeze-drying was expected and the 
extent depended on the matrix-volatiles interactions and drying conditions. 
Nevertheless, the formation of a crust-like layer as drying proceeded acted as a 
barrier which prevented further volatile losses (Rosenberg, Kopelman, & Talmon, 
1990). The volatile compounds detected in the headspaces of reconstituted P90-, 
MS- and Tween 80-stabilized coffee emulsions and their respective GC-FID peak 
areas are shown in Table 7.4. 
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Table 7.4. Semi-quantification (GC-FID peak areas) of volatile compounds of reconstituted P90-, MS-, Tween 80-stabilized coffee 
emulsions and their respective controls 
Volatile compounds 
GC-FID peak area (×106) 


















Acids         
Acetic acid - 3.13 ± 0.13  3.80 ± 0.36
a
 3.90 ± 0.45
a
  3.79 ± 0.35
a
 2.40 ± 0.40
b
 
Propanoic acid 0.85 ± 0.17
a
 0.41 ± 0.12
b
  1.00 ± 0.22
a
 2.49 ± 0.23
b
  0.77 ± 0.07
a
 0.88 ± 0.18
a
  
Butanoic acid 15.35 ± 1.16
a
 15.85 ± 1.13
a
  11.80 ± 1.89
a
 18.69 ± 1.89
b
  8.70 ± 1.67
a
 1.89 ± 0.54
b
 
Pentanoic acid 1.21 ± 0.24
a
 0.98 ± 0.31
a
  1.42 ± 0.06
a
 2.53 ± 0.39
b
  0.73 ± 0.16
a
 0.26 ± 0.06
b
 
Total acids 17.41 ± 1.18
a
 20.37 ± 1.03
b
  18.02 ± 1.73
a
 27.60 ± 2.46
b
  13.98 ± 2.12
a
  5.43 ± 0.57
b
 
Aldehyde         
2-methylbutanal 164.91 ± 6.78
a
 125.26 ± 11.78
b
  142.08 ± 16.47
a
 302.03 ± 26.10
b
  107.66 ± 5.74
a
 71.07 ± 5.16
b
 
Total aldehyde 164.91 ± 6.78
a
 125.26 ± 11.78
b
  142.08 ± 16.47
a
 302.03 ± 26.10
b
  107.66 ± 5.74
a
 71.07 ± 5.16
b
 
Ester         
Ethyl nonanoate 0.97 ± 0.18
a
 2.47 ± 0.77
b
  4.48 ± 0.36
a
 80.29 ± 9.11
b
  0.90 ± 0.27
a
 0.15 ± 0.04
b
 
Total ester 0.97 ± 0.18
a
 2.47 ± 0.77
b
  4.48 ± 0.36
a
 80.29 ± 9.11
b
  0.90 ± 0.27
a
 0.15 ± 0.04
b
 
Furans         
Furfural 258.45 ± 0.85
a
 218.86 ± 3.06
b
  211.34 ± 0.45
a
 269.86 ± 5.10
b
  207.13 ± 3.40
a
 174.19 ± 0.42
b
  
2-acetylfuran 0.39 ± 0.05
a
 0.30 ± 0.02
b
  0.22 ± 0.04
a
 0.29 ± 0.04
a
  0.28 ± 0.03
a
 0.25 ± 0.01
a
 
5-methylfurfural 164.47 ± 4.94
a
 143.44 ± 6.65
b
  114.28 ± 2.34
a
 159.13 ± 3.17
b
  114.64 ± 3.08
a
 86.86 ± 2.97
b
 
Total furans 423.31 ± 5.32
a
 362.60 ± 9.59
b
  325.84 ± 2.58
a
 429.28 ± 7.91
b
  322.05 ± 3.36
a
  261.31 ± 2.89
b
 
Ketones         
2,3-pentanedione 141.76 ± 0.56
a
 99.25 ± 4.50
b
  119.01 ± 7.06
a
 128.18 ± 3.83
a
  107.36 ± 4.32
a
























Table 7.4. (Continued) 
Volatile compounds 
GC-FID peak area (×106) 


















Acetoin 16.67 ± 1.21
a
 10.39 ± 2.65
b
  8.63 ± 0.76
a
 11.84 ± 1.20
b
  9.59 ± 1.16
a
 6.43 ± 1.30
b
 
Methylacetophenone 0.31 ± 0.09
a
 0.38 ± 0.05
a
  0.60 ± 0.12
a
 2.09 ± 0.42
b
  0.09 ± 0.01
a






































 0.50 ± 0.17
b
 
Total ketones 252.45 ± 14.31
a
 228.27 ± 23.28
a 
  216.04 ± 33.26
a
 250.79 ± 8.39
a
  201.90 ± 24.55
a
 137.64 ± 5.68
b
 
Phenolics         
Phenol 43.08 ± 1.57
a
 49.00 ± 1.45
b
  35.50 ± 2.58
a
 78.14 ± 4.98
b
  31.41 ± 1.97
a
 19.37 ± 0.66
a
  
4-ethyl guaiacol 1.17 ± 0.17
a
 1.39 ± 0.18
a
  1.26 ± 0.16
a
 5.17 ± 0.59
b
  1.28 ± 0.11
a
 1.30 ± 0.13
a
 
3,5-dimethylphenol 53.26 ± 2.08
a
 40.84 ± 2.62
b
  39.25 ± 11.56
a
 109.69 ± 17.88
b
  53.08 ± 4.28
a
 46.31 ± 2.13
b
 
2,6-dimethoxyphenol 7.59 ± 1.16
a
 19.78 ± 5.08
b
  24.47 ± 6.95
a
 14.77 ± 3.00
a
  13.41 ± 3.90
a
 8.38 ± 1.74
a
 
Vanillin 0.41 ± 0.10
a
 1.09 ± 0.35
b
  2.03 ± 0.39
a
 0.67 ± 0.11
b
  0.72 ± 0.20
a
 0.30 ± 0.08
b
 
Total phenolics 105.50 ± 4.07
a
 112.11 ± 7.05
a
  102.51 ± 14.11
a
 208.43 ± 20.12
b
  99.90 ± 2.36
a
 75.66 ± 1.01
b
 
Pyrazines         
2-ethyl-3-methylpyrazine 62.65 ± 5.15
a
 41.63 ± 4.44
b
  40.72 ± 1.39
a
 39.57 ± 1.58
a
  42.12 ± 2.38
a



















 0.21 ± 0.05
a
 
2,3-diethylpyrazine 2.88 ± 0.10
a
 3.08 ± 0.16
a
  2.87 ± 0.10
a
 3.61 ± 0.53
a
  2.30 ± 0.14
a



















 2.48 ± 0.55
b
 
2-acetyl pyrazine 1.81 ± 0.09
a
 1.86 ± 0.19
a
  1.16 ± 0.03
a
 1.40 ± 0.29
a
  1.36 ± 0.03
a
 0.95 ± 0.07
b
 
5-methylquinoxaline 47.85 ± 2.44
a
 39.58 ± 4.01
b
  59.34 ± 2.24
a
 120.92 ± 17.20
b
  27.19 ± 4.60
a





Table 7.4. (Continued) 
Volatile compounds 
GC-FID peak area (×106) 


















Total pyrazines 128.17 ± 6.46
a
 90.38 ± 7.04
b
  108.56 ± 1.02
a
 170.53 ± 19.84
b
  77.12 ± 6.46
a
 51.76 ± 2.85
b
 
Pyridine         
3-ethylpyridine 24.17 ± 2.86
a
 14.99 ± 1.52
b
  4.95 ± 0.91
a
 2.38 ± 0.18
b
  15.73 ± 1.26
a
 16.17 ± 1.90
a
 
Total pyridine 24.17 ± 2.86
a
 14.99 ± 1.52
b
  4.95 ± 0.91
a
 2.38 ± 0.18
b
  15.73 ± 1.26
a
 16.17 ± 1.90
a
 
Sulfur compounds         
Methanethiol 4.29 ± 0.08
a
 2.27 ± 0.33
b
  4.15 ± 0.18
a
 6.25 ± 0.48
b
  3.07 ± 0.31
a
 3.05 ± 0.45
a
 
Dimethyl sulfide 3.72 ± 0.44
a
 1.05 ± 0.14
b
  2.47 ± 0.61
a
 6.82 ± 1.21
b
  2.41 ± 0.44
a
 2.46 ± 0.32
a
 
Dimethyl disulfide 4.16 ± 0.22
a
 2.89 ± 0.19
b
  5.86 ± 0.56
a
 10.25 ± 0.56
b
  3.21 ± 0.30
a



















 0.40 ± 0.08
a
 
Furfuryl methyl sulfide 1.95 ± 0.37
a
 0.90 ± 0.31
b
  3.79 ± 1.37
a
 9.86 ± 0.48
b
  1.91 ± 0.11
a
 1.67 ± 0.06
b
 
Furfuryl thioacetate 2.01 ± 0.44
a
 1.94 ± 0.16
a
  1.62 ± 0.72
a
 10.16 ± 0.68
b
  1.62 ± 0.28
a
 1.53 ± 0.02
a
 
Furfuryl methyl disulfide 0.85 ± 0.08
a
 0.94 ± 0.15
a
  2.10 ± 0.59
a
 2.63 ± 0.27
a
  0.83 ± 0.16
a
 0.69 ± 0.09
a
 
Total sulfur compounds 17.42 ± 1.40
a
 10.30 ± 0.45
b
  20.35 ± 2.92
a
 51.63 ± 2.81
b
  13.38 ± 0.86
a
 12.59 ± 0.59
a
  
Other compounds         
p-α-dimethyl styrene 7.61 ± 2.17a 29.92 ± 6.66b  11.63 ± 1.52a 490.66 ± 24.22b  13.19 ± 2.50a 16.46 ± 2.04a 
4-carvomenthenol 9.49 ± 1.10
a
 5.72 ± 1.06
b
  10.83 ± 1.31
a
 37.16 ± 3.60
b
  3.72 ± 0.71
a



















 1.82 ± 0.12
a
 
Triethyl citrate 0.94 ± 0.06
a
 9.72 ± 2.61
b
  22.57 ± 5.60
a
 8.89 ± 1.40
b
  1.60 ± 0.38
a
 0.90 ± 0.67
a
 
Total 1154.40 ± 13.07
a
 1014.15 ± 7.78
b
  991.36 ± 40.57
a
  2065.81 ± 88.80
b
   873.23 ± 20.94
a
  653.31 ± 5.13
b
  
Mean values with different letters (a-b) indicate statistical differences at the 0.05 level (p<0.05) between reconstituted P90-/MS-/Tween 80-stabilized coffee 
emulsions and their respective controls. 
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One notable observation was that the total volatile levels of the 
reconstituted P90-, MS- and Tween 80-stabilized coffee emulsions decreased by 
47%, 18% and 64%, respectively, after freeze-drying. The lower extent of 
volatiles losses from the MS-stabilized coffee emulsion compared to its control 
(59% decrease after freeze-drying) and other emulsion matrices could be partly 
attributed to the retention of volatile compounds by MS via molecular interactions 
or film formation at the interface which impeded volatiles transfer (Cheong et al., 
2014). It was also noted that ethylpyridine levels remained relatively unchanged 
in all three emulsion matrices while the levels of ethyl nonanoate in the MS-
stabilized coffee emulsion increased by 1.6-fold after freeze-drying. These 
indicated that both compounds were strongly retained during freeze-drying. 
The retention of volatile compounds in the respective controls during 
freeze-drying could be attributed to their molecular interactions with maltodextrin 
or lecithin. Both compounds possess surface-active properties which could 
interact with volatile compounds via hydrophobic interactions and hydrogen-
bonding (Goubet et al., 1998; Van Nieuwenhuyzen, 1976). This could contribute 
to some extent of volatile retention during freeze-drying. 
The total volatile levels in the reconstituted P90- and Tween 80-stabilized 
coffee emulsions were 12% and 25% significantly lower than their controls, 
respectively. On the other hand, total volatile levels in the reconstituted MS-
stabilized coffee emulsion were 2-fold higher than the control, which could be 
attributed to the destabilization of emulsion induced during freeze-drying. Studies 
have observed partial coalescence in rehydrated MS-stabilized emulsion after 
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freeze-drying, which would alter emulsion properties and affect the partitioning of 
volatile compounds (Marefati, Rayner, Timgren, Dejmek, & Sjöö, 2013). 
The levels of potent odorants of coffee aroma such as aldehydes, furans, 
pyrazines, pyridines and sulfur compounds levels were 24%, 14%, 29%, 38%, 41% 
lower in the P90-stabilized coffee emulsion than the control, respectively. On the 
other hand, the levels of acids, esters were 1.2- and 2.5-fold higher in the P90-
stabilized coffee emulsion than the control, respectively. The levels of volatile 
compounds in the Tween 80-stabilized coffee emulsion were significantly lower 
than the control with the exception of pyridines and sulfur compounds. These 
showed that a larger extent of volatile retention remained after freeze-drying in 
P90- and Tween 80-stabilized coffee emulsions. However, similar to the emulsion 
matrices before freeze-drying, the extent of retention was dependent on the 
emulsifier and emulsifier-volatiles interactions. Furthermore, it was established 
that the extent of retention in the Tween 80-stabilized emulsion was inversely 
proportional to polarity (Li et al., 2016). This was consistent with results showing 
a larger extent of retention of hydrophobic volatile compounds (according to log 
P values) such as phenol, 3,5-dimethylphenol and p-α-dimethyl styrene in the 
reconstituted Tween 80-stabilized coffee emulsion.   
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7.3.5 Influence of emulsifiers on volatile profiles of instant coffees spiked with 
freeze-dried emulsions 
7.3.5.1 Volatile profile of instant coffee (blank) 
A total of 1 acid, 1 alcohol, 4 aldehydes, 1 ester, 9 furans, 6 ketones, 12 
pyrazines, 1 pyridine, 5 pyrroles, 6 phenolic and 3 sulfur compounds were 
detected in the headspace of instant coffee and their respective GC-FID peak 
areas are shown in Table 7.5.  
Furans, pyrazines, pyridines, aldehydes were the major classes of volatile 
compounds detected and they accounted for 39%, 14%, 17% and 12% of the total 
volatile levels, respectively. Other potent odorants such as phenolic and sulfur 
compounds accounted for 4% and 2% of the total volatile levels respectively. It 
was noted that a larger number of volatile compounds were detected in the 
headspace of instant coffee compared to coffee oil. This was attributed to the 
higher extent of volatiles retention in coffee oil compared to instant coffee, which 





Table 7.5. Semi-quantification (GC-FID peak areas) of volatile compounds of instant coffees spiked with freeze-dried P90-, MS-, 
Tween 80-stabilized coffee emulsions and their respective controls 
Volatile compounds 
LRI 
GC-FID peak areas (×106) 
Identification 
IC blank 
 P90  MS  Tween 80 
FFAP Ref.  IC + control IC + P90 CE  IC + control IC + MS CE  IC + control 
IC + Tween 
80 CE 






    
Acetic acid 1465 1468 0.04 ± 0.00aAD  0.03 ± 0.01a 0.04 ± 0.00a  0.04 ± 0.01A 0.03 ± 0.00A  0.07 ± 0.01E  0.05 ± 0.01DE  MS, LRIa,b,c 
Total acid   0.04 ± 0.00aAD  0.03 ± 0.01a 0.04 ± 0.00a  0.04 ± 0.01A 0.03 ± 0.00A  0.07 ± 0.01E 0.05 ± 0.01DE  






    
2-heptanol 1321 1332 0.34 ± 0.08aAD  0.34 ± 0.05a 0.49 ± 0.03a  0.44 ± 0.16A 0.43 ± 0.14A  0.26 ± 0.02D  0.36 ± 0.09D MS, LRIb 
Total alcohol   0.34 ± 0.08aAD  0.34 ± 0.05a 0.49 ± 0.03a  0.44 ± 0.16A 0.43 ± 0.14A  0.26 ± 0.02D 0.36 ± 0.09D  






    
3-methylbutanal - - 4.76 ± 0.21aAD  6.39 ± 0.49b 6.23 ± 0.72b  5.45 ± 0.80A 7.48 ± 0.50B  5.69 ± 0.28E 4.68 ± 0.12D MS 
Hexanal 1084 1084 0.55 ± 0.03aAD  0.55 ± 0.02a 0.54 ± 0.04a  0.46 ± 0.07A 0.49 ± 0.04A  0.48 ± 0.02E 0.47 ± 0.03E MS, LRIb 
2-methyl-2-butenal 1102 1102 0.42 ± 0.03aADE  0.47 ± 0.04a 0.46 ± 0.02a  0.47 ± 0.01AB 0.49 ± 0.03B  0.46 ± 0.03D 0.35 ± 0.05E MS, LRIb 
Benzaldehyde 1541 1509 1.77 ± 0.07aAD  1.71 ± 0.06a 1.91 ± 0.09b  1.91 ± 0.31A 1.82 ± 0.09A  1.65 ± 0.03D 1.19 ± 0.51D MS, LRIa 
Total aldehydes   7.51 ± 0.20aADE  9.11 ± 0.46b 9.13 ± 0.74b  8.29 ± 0.53A 10.28 ± 0.45B  8.28 ± 0.29D 6.69 ± 0.64E  






    
Methyl 3-methyl-2-
butenoate 
1168 - 0.12 ± 0.01aAD  0.11 ± 0.01a 0.26 ± 0.01b  0.15 ± 0.04A 0.20 ± 0.06A  0.15 ± 0.01D 0.12 ± 0.04D MS 
Total ester   0.12 ± 0.01aAD  0.11 ± 0.01a 0.26 ± 0.01b  0.15 ± 0.04A 0.20 ± 0.06A  0.15 ± 0.01D 0.12 ± 0.04D  






    
2,5-dimethylfuran - - 0.24 ± 0.05aAD  0.23 ± 0.02a 0.21 ± 0.03a  0.24 ± 0.04A 0.20 ± 0.02A  0.22 ± 0.05D 0.07 ± 0.01E MS 
2-methylfuran - - 1.08 ± 0.08aAD  0.89 ± 0.06b 0.91 ± 0.08ab  0.72 ± 0.10B 0.81 ± 0.06B  0.77 ± 0.03E 0.79 ± 0.07E  MS 
Furfuryl methyl ether 1243 1243 0.20 ± 0.06aAD  0.20 ± 0.03a 0.43 ± 0.13b  0.31 ± 0.10A 0.58 ± 0.07B  0.36 ± 0.01E 0.54 ± 0.03F MS, LRIa,b 
Furfural 1481 1482 16.91 ± 0.29aAD  19.17 ± 0.68b 19.53 ± 0.51b  19.64 ± 1.22B 20.08 ± 0.45B  18.98  ± 0.49D 15.84 ± 2.02D MS, LRIa,b,c 
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Table 7.5. (Continued) 
Volatile compounds 
LRI 
GC-FID peak areas (×106) 
Identification 
IC blank 
 P90  MS  Tween 80 
FFAP Ref.  IC + control IC + P90 CE  IC + control IC + MS CE  IC + control 
IC + Tween 
80 CE 
2-acetylfuran 1522 1527 0.68 ± 0.04aAD  0.74 ± 0.05a 0.77 ± 0.05a  0.70 ± 0.17A 0.71 ± 0.12A  0.53 ± 0.03E 0.20 ± 0.05F MS, LRIa,b,c 
Furfuryl acetate 1545 1539 1.12 ± 0.02aAD  1.31 ± 0.05b 1.29 ± 0.07b  1.24 ± 0.28A 1.31 ± 0.08A  0.99  ± 0.07D 0.29 ± 0.06E  MS, LRIa,b,c 
5-methylfurfural 1592 1596 0.49 ± 0.07aAD  1.31 ± 0.02b 2.39 ± 0.40c  1.22 ± 0.68A 2.84 ± 0.43B  0.05 ± 0.01E 0.03 ± 0.01E   MS, LRIa,b,c 
2-furfurylfuran 1619 1636 0.12 ± 0.02aAD  0.15 ± 0.03a 0.14 ± 0.00a  0.13 ± 0.03A 0.13 ± 0.02A  0.10 ± 0.00D 0.04 ± 0.01E MS, LRIb 
Furfuryl alcohol 1673 1668 3.06 ± 0.13aAD  3.69 ± 0.54a 3.54 ± 0.79a  3.50 ± 0.39A 3.56 ± 0.65A  2.79  ± 0.18D 1.57 ± 0.56E MS, LRIa,b,c 
Total furans   23.91 ± 0.25aAD  27.67 ± 1.28b 29.20 ± 0.69b  27.68 ± 2.59AB 30.24 ± 0.51B  24.80 ± 0.52 D 19.37 ± 1.61E  






    
2-butanone - - 0.46 ± 0.03aAD  0.38 ± 0.02b 0.43 ± 0.03ab  0.33 ± 0.01B 0.32 ± 0.03B  0.30 ± 0.03E 0.30 ± 0.07E MS 
2,3-butandione 1003 982 1.03 ± 0.05aAD  0.95 ± 0.02a 0.94 ± 0.07a  0.78 ± 0.11B 0.80 ± 0.08B  0.91 ± 0.01DE 0.91 ± 0.06E MS, LRIa,b,c 
2,3-pentanedione 1049 1058 0.44 ± 0.03aAD  3.31 ± 0.20b 2.43 ± 0.46c  4.92 ± 0.25B 4.49 ± 0.12C  3.50 ± 0.27E 2.06 ± 0.14F MS, LRIa,b 
2-heptanone 1180 - 0.34 ± 0.06aAD  0.37 ± 0.01a 0.28 ± 0.06a  0.29 ± 0.06A 0.24 ± 0.02A  0.25 ± 0.02D 0.35 ± 0.05D MS 
1-(acetyloxy)-2-
propanone 
1477 1477 0.20 ± 0.02aAD  0.18 ± 0.02a 0.35 ± 0.12a  0.25 ± 0.05A 0.25 ± 0.07A  0.11  ± 0.01E 0.13 ± 0.04E MS, LRIa,b,c 
2-hydroxy-3-methyl-
2-cyclopenten-1-one 
1847 1857 0.70 ± 0.13aAD  0.84 ± 0.02a 0.82 ± 0.06a  1.65 ± 0.26B 1.16 ± 0.17AB  0.48 ± 0.12DE 0.31 ± 0.08E MS, LRIa,c 
Total ketones   3.18 ± 0.11aAD  6.04 ± 0.24b 5.25 ± 0.49b  8.22 ± 0.37B 7.27 ± 0.03C  5.55 ± 0.42E 4.06 ± 0.27F  






    
Guaiacol 1880 1886 1.01 ± 0.06aAD  1.09 ± 0.06ab 1.21 ± 0.03b  1.10 ± 0.11A 1.04 ± 0.07A  0.94 ± 0.08D 0.85 ± 0.07D MS, LRI
a,c,d 
Phenol 2024 2030 0.87 ± 0.04aAD  1.12 ± 0.07ab 1.34 ± 0.18b  1.13 ± 0.09AB 1.42 ± 0.20B  0.87 ± 0.02D 0.85 ± 0.07D MS, LRI
a,c 
4-ethylguaiacol 2050 2023 0.26 ± 0.08aAD  0.20 ± 0.04a 0.26 ± 0.02a  0.32 ± 0.08A 0.32 ± 0.01A  0.14 ± 0.01D 0.16 ± 0.04D MS, LRI
a,d 
p-vinylguaiacol 2222 2225 0.18 ± 0.04aAD  0.10 ± 0.01a 0.20 ± 0.08a  0.21 ± 0.08A 0.10 ± 0.02A  0.11 ± 0.02E 0.09 ± 0.01E MS, LRI
a,c,d 
3,4-dimethylphenol 2244 - 0.09 ± 0.03aAD  0.21 ± 0.03ab 0.30 ± 0.10b  0.25 ± 0.06B 0.35 ± 0.06B  0.23 ± 0.01E 0.39 ± 0.03F MS 
2,6-dimethoxyphenol 2292 - 0.13 ± 0.03aAD  0.12 ± 0.02a 0.16 ± 0.05a  0.20 ± 0.03B 0.16 ± 0.02AB  0.15 ± 0.01D 0.14 ± 0.03D MS 
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Table 7.5. (Continued) 
Volatile compounds 
LRI 
GC-FID peak areas (×106) 
Identification 
IC blank 
 P90  MS  Tween 80 
FFAP Ref.  IC + control IC + P90 CE  IC + control IC + MS CE  IC + control 
IC + Tween 
80 CE 
Total phenolics   2.55 ± 0.19aAD  2.83 ± 0.24ab 3.47 ± 0.39b  3.21 ± 0.16B 3.39 ± 0.24B  2.44 ± 0.08D 2.48 ± 0.17D  






    
2-methylpyrazine 1281 1286 1.85 ± 0.27aAD  2.07 ± 0.20a 2.00 ± 0.51a  1.91 ± 0.29A 1.66 ± 0.22A  1.77 ± 0.05D 2.57 ± 0.26E MS, LRI
a,b,c 
2,5-dimethylpyrazine 1335 1322 1.04 ± 0.06aAD  1.13 ± 0.03a 1.04 ± 0.09a  0.93 ± 0.12A 0.94 ± 0.08A  0.89 ± 0.03D 0.73 ± 0.23D MS, LRI
a,b,c 
2,6-dimethylpyrazine 1341 1344 0.52 ± 0.14aAD  0.51 ± 0.11a 0.87 ± 0.17b  0.68 ± 0.20A 1.92 ± 0.18B  0.46 ± 0.13D 0.52 ± 0.06D MS, LRI
a,b,c 












1414 1406 0.57 ± 0.04aAD  0.71 ± 0.02b 0.81 ± 0.03b  0.80 ± 0.18A 0.79 ± 0.18A  0.55 ± 0.03D 0.24 ± 0.10E  MS, LRI
a,b 
Propylpyrazine 1427 1447 0.23 ± 0.02aAD  0.32 ± 0.02b 0.43 ± 0.04a  0.25 ± 0.09A 0.27 ± 0.06A  0.13 ± 0.02E 0.09 ± 0.04E MS, LRI
b 








1469 1493 0.20 ± 0.05aAD  0.09 ± 0.02b 0.25 ± 0.03a  0.26 ± 0.04A 0.24 ± 0.08A  0.09 ± 0.01E 0.08 ± 0.03E MS, LRI
b 
5-methylquinoxaline 1999 - 0.28 ± 0.01aAD  0.32 ± 0.03a 0.33 ± 0.02a  0.27 ± 0.04A 0.29 ± 0.07A  0.26 ± 0.04D 0.22 ± 0.04D MS 
Total pyrazines   8.48 ± 0.44aAD  9.72 ± 0.58ab 10.74 ± 0.85b  10.31 ± 1.59A 11.27 ± 1.09A  7.72 ± 0.17DE 6.57 ± 1.15E  






    
Pyridine 1204 1203 10.60 ± 0.15aAD  10.45 ± 0.27a 11.21 ± 0.40a  9.90 ± 0.70A 9.97 ± 0.28A  10.35 ± 0.27DE 9.72 ± 0.44E MS, LRIa,b,c 
Total pyridine   10.60 ± 0.15aAD  10.45 ± 0.27a 11.21 ± 0.40a  9.90 ± 0.70A 9.97 ± 0.28A  10.35 ± 0.27DE 9.72 ± 0.44E  






    




Table 7.5. (Continued) 
Volatile compounds 
LRI 
GC-FID peak areas (×106) 
Identification 
IC blank 
 P90  MS  Tween 80 
FFAP Ref.  IC + control IC + P90 CE  IC + control IC + MS CE  IC + control 




1628 - 0.04 ± 0.01aAD  0.04 ± 0.01a 0.14 ± 0.02b  0.04 ± 0.01A 0.18 ± 0.05B  0.17 ± 0.02E 0.24 ± 0.08E MS 
2-formyl-1-
methylpyrrole 
1643 1651 0.12 ± 0.03aAD  0.07 ± 0.02a 0.53 ± 0.11a  0.03 ± 0.00A 0.23 ± 0.06B  0.04 ± 0.01E 0.04 ± 0.00E MS, LRI
a,b,c 
2-acetylpyrrole 1995 1969 0.12 ± 0.02aAD  0.12 ± 0.02a 0.15 ± 0.02a  0.14 ± 0.01A 0.11 ± 0.02A  0.12 ± 0.02D 0.13 ± 0.01D MS, LRI
a,c 
2-formylpyrrole 2053 2059 1.18 ± 0.11aAD  1.32 ± 0.08ab 1.42 ± 0.07b  1.20 ± 0.10A 1.24 ± 0.12A  1.06 ± 0.03D 1.06 ± 0.07D MS, LRI
a,c 
Total pyrroles   1.63 ± 0.09aAD  1.76 ± 0.07a 2.43 ± 0.10b  1.59 ± 0.13A 1.95 ± 0.13B  1.55 ± 0.05D 1.64 ± 0.11D  
Sulfur compounds   
 
          
Thiophene 1028 - 0.79 ± 0.03aAD  0.28 ± 0.06b 0.66 ± 0.02c  0.31 ± 0.09B 0.30 ± 0.04B  0.34 ± 0.01E 0.64 ± 0.19D MS 








  1.26 ± 0.01aAD  0.71 ± 0.05b 1.22 ± 0.04a  0.82 ± 0.14B 0.75 ± 0.02B  0.80 ± 0.01E 1.13 ± 0.17E  
Other compounds   
 
          
Toluene 1037 1040 0.52 ± 0.01aAD  0.49 ± 0.03a 0.56 ± 0.04a  0.41 ± 0.03B 0.47 ± 0.02AB  0.41 ± 0.03E 0.45 ± 0.05DE MS, LRIa,b 
γ-butyrolactone 1658 1662 0.58 ± 0.14aAD  1.08 ± 0.10ab 2.06 ± 0.68b  1.24 ± 0.12B 1.41 ± 0.34B  0.41 ± 0.04DE 0.32 ± 0.05E MS, LRIa,b,c 
Total   60.71 ± 1.31aAD  70.34 ± 1.82b  76.05 ± 0.54c   72.28 ± 3.95B  77.66 ± 1.28B   62.78 ± 0.97D  52.96 ± 4.26E   
IC Blank = Blank instant coffee; IC + control = Instant coffee spiked with the respective controls; IC + P90/MS/Tween 80 CE = Instant coffee spiked with 
P90-, MS- and Tween 80-stabilized coffee emulsions. Identification method: MS = Mass spectrum; LRI = Linear retention indices obtained from literature 
(LRI
a
 referred to the values in Gonzalez-Rios et al. (2007b), LRI
b
 referred to the values in Sanz et al. (2001), LRI
c
 referred to the values in Moon and 
Shibamoto (2009) and LRI
d
 referred to the values in Sanz et al. (2002)); Mean values with different letters (a-c) indicated statistical differences between IC 
blank, IC + control (P90) and IC + P90 CE at the 5 % significance level (p<0.05). Mean values with different letters (A-C) indicated statistical differences 
between IC blank, IC + control (MS) and IC + MS CE at the 5 % significance level (p<0.05). Mean values with different letters (D-F) indicated statistical 




7.3.5.2. Volatile profiles of instant coffees spiked with P90-, MS-, Tween 80-
stabilized coffee emulsions and their respective controls 
Table 7.5 shows the GC-FID peak areas of volatile compounds detected in 
the headspaces of instant coffees spiked with P90-, MS-, Tween 80-stabilized 
coffee emulsions and their respective controls. 
It was noted that the total volatiles level in the instant coffee spiked with 
the P90-stabilized coffee emulsion was significantly higher than the blank and 
instant coffee spiked with its respective control. The levels of esters (2.4-fold), 
pyrroles (1.4-fold) and sulfur compounds (1.7-fold) in the instant coffee spiked 
with the P90-stabilized coffee emulsion were significantly higher compared to 
spiking with the control. In addition, the levels of aldehydes (1.2-fold), esters 
(2.2-fold), furans (1.2-fold), ketones (1.7-fold), pyrazines (1.3-fold), pyrroles 
(1.5-fold) and phenolic compounds (1.4-fold) in the instant coffee spiked with the 
P90-stabilized coffee emulsion were significantly higher than the blank. These 
observations indicated that volatile compounds were retained after emulsion 
preparation and freeze-drying. They were subsequently released upon instant 
coffee reconstitution, thereby accounting for the higher levels of volatile 
compounds detected in the instant coffee spiked with the P90-stabilized coffee 
emulsion. Previous studies have shown that an increase in temperature led to 
droplet coalescence in sucrose monopalmitate-stabilized emulsions (McClements, 
Decker, & Choi, 2014), which in turn could drive the transfer of volatile 
compounds from the spiked instant coffee beverage into the headspace.  
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Similarly, the total volatiles level in the instant coffee spiked with the MS-
stabilized coffee emulsion was higher compared to the blank and instant coffee 
spiked with its control. The levels of aldehydes (1.2-fold) and pyrroles (1.2-fold) 
were significantly higher in the instant coffee spiked with MS-stabilized coffee 
emulsion compared to the control. The levels of aldehydes (1.4-fold), furans (1.3-
fold), ketones (2.3-fold), pyrroles (1.2-fold) and phenolic compounds (1.5-fold) in 
the instant coffee spiked with the MS-stabilized coffee emulsion were 
significantly higher compared to the blank. From these results, it was noted that 
spiking with P90- and MS-stabilized coffee emulsions increased volatile levels in 
instant coffee. The extents of the retention and release of volatiles were very 
much dependent on the emulsifier and the class of the compounds. 
Despite the higher levels of total volatiles in instant coffees spiked with 
P90- and MS-stabilized coffee emulsions compared to instant coffees spiked with 
the controls, the trend was not consistent with ketones like 2,3-pentanedione and 
2-hydroxy-3-methyl-2-cyclopenten-1-one for both emulsifiers. It was observed 
that these compounds were poorly retained in both emulsion matrices before and 
after freeze-drying, thereby explaining the lower levels detected when spiked into 
instant coffees.  
However, total volatiles level in the instant coffee spiked with the Tween 
80-stabilized coffee emulsion was significantly lower compared to the blank and 
instant coffee spiked with the control. The levels of aldehydes (19%), furans (22%) 
and ketones (27%) were significantly lower in the instant coffees spiked with the 
Tween 80-stabilized coffee emulsion compared to spiking with the control. A 
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possible explanation could be the larger extent of volatiles retention by Tween 80 
during instant coffee reconstitution, as observed in the Tween 80-stabilized 
emulsion matrices before and after freeze-drying. This would account for the 
lower volatile levels in the instant coffee spiked with the Tween 80-stabilized 
coffee emulsion. 
Sulfur compounds levels in the instant coffees spiked with the MS-, 
Tween 80-stabilized coffee emulsions and controls were significantly lower 
compared to the blank sample while their levels in the blank and instant coffee 
spiked with the P90-stabilized coffee emulsion were not statistically different 
(p>0.05). Sulfur compounds are potent odorants of coffee aroma and these 
observations indicated that the spiking of instant coffees with the respective 
emulsions and controls impeded the release of sulfur compounds into the 
headspace to varying extents. Since sulfur compounds levels in the instant coffees 
spiked with MS- and Tween 80 stabilized coffee emulsions were not statistically 
different (p>0.05) from instant coffees spiked with their respective controls, sulfur 
compounds retention could be attributed to other emulsion components instead of 
Tween 80 and MS. The latter was consistent with studies showing that inulin 
(carbohydrate-based emulsifier) did not have any influence on sulfur compound 
retention in a cheese matrix (Gijs, Piraprez, Perpète, Spinnler, & Collin, 2000). 
On the contrary, sulfur compounds levels in the instant coffee spiked with the 
P90-stabilized coffee emulsion were significantly higher than the instant coffee 
spiked with the respective control. This indicated that P90 promoted the release of 
sulfur compounds to some extent.         
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7.4 Conclusion  
This study evaluated the effects of three emulsifiers P90, MS and Tween 
80 on coffee aroma retention and release in emulsion matrices before, after 
freeze-drying and reconstituted instant coffee. Lower levels of volatile 
compounds in emulsion matrices before and after freeze-drying corresponded to 
higher volatiles retention. However, the extent of retention varied with the type of 
emulsifiers used and the class of the volatile compounds. Volatile release after 
instant coffee reconstitution was evident from the higher levels of volatile 
compounds detected in instant coffees spiked with P90- and MS-stabilized coffee 
emulsions compared to the blank and spiking with the respective controls. 
However, the trend was reversed for instant coffee spiked with the Tween 80-
stabilized coffee emulsion. Although the extent of volatiles retention was 
comparatively higher in Tween 80-stabilized coffee emulsion compared to P90- 
and MS-stabilized coffee emulsions before and after freeze-drying, effective 
aroma entrapment prevented aroma release during instant coffee reconstitution. 
This was evident from the lower volatiles levels detected in the instant coffee 
spiked with the Tween 80-stabilized coffee emulsion compared to spiking with 
the control. Therefore, controlled aroma release could be achieved with P90- and 
MS-stabilized coffee emulsions, which could enrich instant coffee aroma when 




CHAPTER 8  
GENERAL CONCLUSIONS AND FUTURE WORK 
8.1 General conclusions 
The overall aim of this project was to identify novel avenues along the 
coffee processing chain or to utilize novel techniques like aroma encapsulation 
that could potentially modulate coffee aroma.  
The utilization of the SSF of green coffee beans with the food-grade mold 
R. oligosporus (Chapters 3 and 4) and yeast Y. lipolytica (Chapters 5 and 6) to 
achieve coffee aroma modulation is unprecedented. The bulk of this project 
evaluated the effects of green coffee bean fermentations on the aroma precursors 
and volatile profiles of green coffee beans and more importantly how these 
changes corresponded/translated to the modulation of the volatile and aroma 
profiles of roasted coffees. 
In both R. oligosporus and Y. lipolytica fermentations, the modulation of 
the volatile/aroma profiles of roasted coffees was achieved via the modification of 
the aroma precursors in green coffee beans before roasting and the retention of 
fermentation-induced volatile changes of green coffee beans after roasting. 
Proteolysis during R. oligosporus fermentation resulted in 1.2-, 1.4-, 1.6-fold 
increase in the concentrations of phenylalanine, glutamic and aspartic acids, 
respectively before roasting. Consequently, these corresponded to 1.7-, 1.5- and 
1.3-fold increases in the levels of pyrazine, 2-methylpyrazine and 2-ethylpyrazine 
in coffees of all roast degrees, respectively.  
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The extensive degradation of hydroxycinnamic acids (ferulic and caffeic 
acids) during R. oligosporus fermentation led to a 2-fold increase in the total 
volatile phenolic derivatives levels. This would contribute to the significantly 
higher levels of 4-vinylphenol in the light, medium and dark roasted fermented 
coffees as well as the significantly higher levels of p-vinylguaiacol in light roasted 
fermented coffee. Other fermentation-induced volatile profile changes included 
the exclusive detection of ethyl palmitate in green fermented coffee as well as in 
medium and dark roasted fermented coffees. Furthermore, the sweet attributes of 
light and dark roasted coffees were increased following fermentation along with 
other aroma profile changes that were roast degree specific. The former could be 
partly explained by the higher levels of β-damascenone in light roasted fermented 
coffees and the higher levels of esters detected in dark roasted fermented coffees.  
Similarly in Y. lipolytica fermentation, the 1.2-, 1.6- and 5-fold increases 
in the levels of p-vinylguaiacol, 4-vinylphenol and γ-butyrolactone in light 
roasted fermented coffees, respectively, could be attributed to their higher levels 
detected in green fermented coffees before roasting. The 1.5-fold increase in total 
volatile sulfur compounds levels could be attributed to cysteine concentrations 
remaining unchanged while the concentrations of the other amino acids decreased 
following Y. lipolytica fermentation. This could decrease competition for 
pathways responsible for volatile sulfur compounds formation during light 
roasting.  
These results indicated that different microorganisms (mold/yeast) 
modified the aroma precursors and volatile profiles of green coffee beans to 
180 
 
different extents which translated to different extents of volatile/aroma profiles 
modulation in roasted coffees. The main difference between the R. oligosporus 
and Y. lipolytica fermentations of green coffee beans was the increase in total free 
amino acids concentrations induced by the former. This would suggest that R. 
oligosporus fermentation may promote greater sensorial impacts in roasted coffee 
as amino acids are important aroma precursors in Maillard reaction during 
roasting which is the main avenue for coffee aroma formation. Therefore, this 
unprecedented study identified an unexplored avenue (green coffee beans) along 
the coffee processing chain in which the modification of aroma precursors in 
green coffee (achieved via SSF in this study) could indirectly lead to coffee aroma 
modulation. In addition, it serves as a platform for extension to other suitable 
microorganisms with desirable enzymatic activities and metabolic pathways 
(molds in particular), with the aim of generating specialty coffees with unique and 
distinctive aroma attributes.  
The other part of the project involved the evaluation of the effects of P90, 
modified starch and Tween 80 on coffee aroma retention and release in O/W 
emulsion matrices before, after freeze-drying and upon spiking into instant 
coffees.  
Different extents of volatile retention were observed in P90-, MS- and 
Tween 80-stabilized coffee emulsions before and after freeze-drying. The total 
volatile levels in P90- and Tween 80-stabilized coffee emulsions before freeze-
drying were 10% and 15% significantly lower compared to their respective 
controls while the total volatiles levels in MS-stabilized coffee emulsion and its 
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respective control were not statistically different (p>0.05). Volatile retention 
remained for P90- and Tween 80-stabilized coffee emulsions after freeze-drying 
where the total volatile levels detected were 12% and 25% significantly lower 
compared to their respective controls. However, upon spiking into instant coffees, 
the total volatile levels in the instant coffees spiked with the P90- and MS-
stabilized coffee emulsions were higher compared to the blank and instant coffees 
spiked with the respective controls. In contrast, the total volatiles level in the 
instant coffee spiked with the Tween 80-stabilized coffee emulsion was lower 
compared to the blank and instant coffee spiked with its control.  
From the results, it could be concluded that some extent of controlled 
aroma release was achieved with P90- and MS-stabilized coffee emulsions while 
a higher extent of volatile retention in Tween 80-stabilized emulsion matrices 
(before and after freeze-drying) prevented volatiles release during instant coffee 
reconstitution. Therefore, this study showed that aroma encapsulation was another 
avenue that could be explored for the enrichment of instant coffee. 
8.2 Future work  
8.2.1 Microbial fermentation of green coffee beans  
With regard to the fermentation of green coffee beans with Y. lipolytica, 
sensory evaluation with trained panelists can be conducted to determine how the 
fermentation-induced changes to the volatile profiles of roasted coffees will 
translate to the modulation of the corresponding aroma profiles. 
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In this project, the mold R. oligosporus and yeast Y. lipolytica were 
selected for green coffee bean fermentation due to the large variety of 
extracellular enzymes they secrete during fermentation as well as the unique and 
complex metabolic pathways they exhibit. These metabolic functions induced 
modification of the non-volatile, volatile profiles of green coffee and 
subsequently, the volatile and aroma profiles of roasted coffee. However, such 
metabolic properties and functions are not limited to the aforementioned mold and 
yeast species. The yeast D. hansenii was found to produce branched-chain 
aldehydes (2-methylpropanal and 3-methylbutanal), alcohols (Sørensen et al., 
2011) and exhibit high extents of proteolytic and lipolytic activities (Collins, 
McSweeney, & Wilkinson, 2003; Strauss, Jolly, Lambrechts, & van Rensburg, 
2001). On the other hand, K. lactis was found to produce volatile sulfur 
compounds like methanethiol and dimethyl sulfides during fermentation (Kagkli, 
Tâche, Cogan, Hill, Casaregola, & Bonnarme, 2006) while the molds P. 
roquefortti and P. camemberti had been found to exhibit large extents of lipolytic 
activities (Collins et al., 2003). Therefore, extending the fermentation of green 
coffee beans to these mold and yeast species can promote different extents of 
coffee aroma modulation, leading to the generation of coffees with unique and 
distinctive aroma profiles.  
Besides molds and yeasts, the fermentation of green coffee beans may also 
be extended to suitable lactic acid bacteria species. The inoculation of L. 
plantarum into depulped coffee cherries in wet processing produced coffees with 
distinct fruity attributes due to the extensive generation of flavor-active esters 
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such as isoamyl acetate, ethyl acetate and ethyl hexanoate (de Melo Pereira et al., 
2016). Furthermore, the lactic acid produced by L. plantarum during fermentation 
provided a balance to the acidity and body of the coffee beverage (de Melo 
Pereira et al., 2016). 
Another potential area to explore will be the evaluation of the effects of 
fermenting green coffee beans with mixed cultures, as practiced in yogurt and 
sake fermentations. Different extents of modification of the volatile and non-
volatile profiles of green coffee can be expected compared to single culture 
fermentation. Consequently, this may induce different extents of coffee aroma 
modulation. The generation of lactic acid by lactic acid bacteria during 
fermentation will alter the pH of the fermentation medium which in turn can 
influence the pH-dependent enzymatic (protease and lipase) activities of the 
respective yeast and mold species. In addition, pH has a major effect on Maillard 
reaction (Martins, Jongen, & van Boekel, 2001) and fermentation-induced pH 
changes of green coffee beans can further influence coffee aroma formation in 
Maillard reaction during roasting.  
The roasting time and temperature profiles utilized for the evaluation of 
the effects of microbial fermentation of green coffee beans after roasting can also 
be varied. In this project, the roasting temperature (245 °C) was kept constant 
while the roasting time was varied to achieve light, medium and dark roast levels. 
Future work can involve considering different permutations of the roasting times 
and temperatures (high temperature-short time (HTST)/low temperature-long time 
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(LTLT)) to evaluate the effects of green coffee bean fermentation at similar 
degrees of roast as well as different roast levels.   
8.2.2 Aroma encapsulation for instant coffee aroma enrichment  
As a continuation of the work discussed in Chapter 7, sensory analysis 
with trained panelists should be conducted to evaluate if the higher levels of the 
respective classes of odorants detected in the instant coffees spiked with the P90- 
and MS-stabilized coffee emulsions (with respect to blank and instant coffee 
spiked with the respective controls) translated to higher intensities of the 
corresponding aroma attributes.  
As an extension to this study, the effects of spiking different 
concentrations of freeze-dried P90-, MS- and Tween 80-stabilized coffee 
emulsions on the corresponding volatile and aroma profiles of instant coffees may 
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